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ABSTRACT
Pitx homeodomain proteins are highly conserved regulatory proteins that were
first discovered on the basis of their involvement in the transcriptional regulation of
pituitary-specific genes. Recently, a third member of Pitx family, Pitx3, has been
identified which expresses in the midbrain and eye. The main focus of this study was to
elucidate the role of Xenopus Pitx3 during eye development. As a side project, we also
studied the role of this gene in the left-right patterning and axis formation in Xenopus.
Here, we report the cloning of a Xenopus homolog which encodes a conceptual protein of
292 amino acids and shows a high similarity in amino acid level to human and murine
Pitx3. Early neurula expression is restricted to lateral prechordal mesoderm, anterior
paraxial mesoderm, a crescent of anterior sensorial ectoderm, and a discrete spot which is
fated to form Rathke’s pouch. xPitx3 is expressed throughout lens induction in the
presumptive lens ectoderm, lens placode, and later in differentiating lens. During tailbud
stages, xPitx3 is also expressed symmetrically in the pituitary, lateral plate mesoderm,
branchial arches, somites, and asymmetrically in looping gut. Ectopic expression assays
suggest that xPitx3 directs development of the optic placode, and that without its
influence; both the lens and retina fail to form. xPitx3 over-expression expands the early
expression domains of Pax6 and Six3 and alters development of the lens, optic vesicle,
optic nerve, and diencephalon. Expression of a xPitx3/engrailed repressor chimera alters
early expression domains of Pax6, Rx, and Six3, and later inhibits lens development
consequently abrogating retinal induction. This later inhibition of eye development is
reflected by diminished expression of Pax6, Six3, Rx, j3B1-crystallin, Otx2, and Lensl.
Similar effects are obtained using antisense morpholino oligonucleotide-mediated
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translation knockdown. Reciprocal grafting experiments using wildtype and morpholino
treated tissues demonstrate that xPitx3 in the presumptive lens ectoderm is required for
both lens and retina formation. Ectopic expression of xPitx3 results in cyclopia which is
indicative of the midline defects. Consistent with this result, overexpression of xPitx3 or
mutant constructs leads to profound visceral situs anomalies, suggesting that xPitx3 may
be involved in midline specification. Lastly, our results indicate that xPitx3 may also
play a role in somitogenesis through modulating Hox-IA and hairy2 genes that are
involved in spatiotemporal specification of developing somites.
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CHAPTER 1
GENERAL INTRODUCTION

Chapter Summary
Vertebrate eye development is a complex process that requires a careful
orchestration of tissue interactions and signalling events. The lens is a highly specialized
structure that has long served as a model system for the study of developmental processes
such as induction, cell fate determination and cellular differentiation. Lens induction
commences the early steps of eye formation by helping to restrict the prospective eye
field, directing proper morphogenetic movement, and initiating cell proliferation and
differentiation. The cascade of signalling molecules that direct this complex
developmental process is presently under intense investigation. In this chapter, we will
review classical experiments as well as recent studies that have led to our current
knowledge regarding eye development. The role of a number of transcriptional factors
that are implicated in the various phases of lens induction will also be described.
Recently some new players in eye development have been characterized. Among these
factors, a paired-like homeobox gene, Pitx3, has been isolated which is expressed in
developing lenses of mice and humans. Mutation of this gene leads to severe eye defects
suggesting that Pitx3 may play a role in eye development.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter One

General Introduction

Overview of Eye Development
The eye is a highly specialized sensory organ, and the sequential molecular signalling
cascades directing its development have confounded developmental biologists for many
decades. Vertebrate eye development is established through synchronized signalling
interactions between neuroectodermal (future retina) and surface ectodermal (future lens
and cornea) derivatives as well as the mesenchyme (Jean et al., 1998). Early studies
provided the first evidence that a single eye field exists in early stage embryos (reviewed
in Okada, 2000). The pioneering studies by Mangold and Adelmann demonstrated that
transplanted midline anterior neural plate possesses the ability to form an eye, and in the
absence of the underlying prechordal mesoderm the embryos develop into cyclopic
tadpoles (reviewed in Okada, 2000). Embryological manipulation in Xenopus (Li et al.,
1997) and chick (Pera and Kessel, 1997) have confirmed the single eye field theory and
show that midline prechordal mesoderm has an inhibitory effect on the expression of
several important eye genes such as Pax6.
In vertebrates, neurulation is initiated by the induction of a dorsal portion of ectoderm
to form the neural plate. During this process, signals derived from dorsal mesoderm and
pharyngeal endoderm in the prospective head regions specify the overlying
neuroectoderm to undergo changes in cell shape and proliferation (Harland and Gerhart,
1997). Subsequently, the neural plate invaginates and pinches off from the surface to
form a hollow tube referred to as the neural tube (reviewed in Colas and Schoenwolf,
2001). Although, rostrocaudual patterning of the neuroaxis commences during
gastrulation, it is more apparent during the regionalization of the neural tube into regions
of the brain and the spinal cord.

2
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Chapter One

A

General Introduction

B

C

D

E

Diencephalon

Cornea

Figure 1. Schematic representation o f Xenopus lens formation at different stages o f development.
(A) Lateral view o f Xenopus embryo at stage 14. (B) Anterior view o f an embryo at stage 19.
(C-E) Lateral view o f embryos at stage 26, 28, and 32, respectively. Bottom panel illustrates
cross sections o f the corresponding embryos. Dashed lines display the location o f sections.
Abbreviations: PR, presumptive retina; PLE, presumptive lens ectoderm; SE, surface ectoderm;
OV, optic vesicle; LP, lens placode; LV, lens vesicle; OC, optic cup; OS, optic stalk, RPE,
retinal pigmented epithelium, NR; neural retina, ON, optic nerve. Adapted and modified from
Ogino and Yasuda, 2000; Schaefer et al., 1999.

Concurrent with lens induction, the most anterior part of the neural tube forms the
prosencephalon (forebrain) which in turn differentiates into the telencephalon rostrally
and the diencephalon more caudally. Subsequently, the anterior part of diencephalon
expands bilaterally and forms the optic vesicles (the retina primordia), providing the first
morphological evidence for vertebrate eye formation (Fig. 1). As these vesicles reach the
overlying ectoderm, the presumptive lens cells of the surface ectoderm thicken and
elongate to form the lens placode (reviewed in Piatigorsky, 1981). The physical contact
and the reciprocal signalling events between the optic vesicle and the pre-lens ectoderm
are critical for proliferation and differentiation of both retina and lens (Hyer et a l, 2003
and 1998).

3
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Chapter One

General Introduction

Lens morphogenesis is coincident with retina differentiation. Whilst the optic cup
elaborates, the lens placode invaginates and forms a lens pit. Later, a lens vesicle is
formed when the lens pit pinches off from the surface ectoderm and the vesicle embeds
within the opening of the optic cup (Fig. 1). At the onset of optic cup morphogenesis, the
distal portion of optic vesicle invaginates around the lens vesicle and forms a double
layered optic cup: this is induced by signals emanating from the pre-lens ectoderm.
While, the inner layer of the optic cup adjacent to the lens primordium forms the neural
retina, the outer layer differentiates into the retinal pigmented epithelium (RPE). Signals
derived from surface ectoderm are essential for neural retina formation, whereas
extraocular mesenchyme is believed to instruct specification of the retinal pigmented
epithelium (reviewed in Chow and Lang, 2001). Subsequently, the proximal part of the
optic vesicle narrows and extends to form the optic stalk which first provides a scaffold
that allows the blood vessels to reach the eye. As development precedes, the optic stalk,
which comprises axons from the innermost ganglion cell layer of the retina, differentiates
into the optic nerve (Hyer et a l, 1998; Jean et a l, 1998).
During lens development, the posterior cells of the lens vesicle differentiate into
primary lens fibers, occupying the lumen of the lens vesicle, and thereby create the
central body of the mature lens (Fig. 2). Following the elongation of the primary lens
fibers, the lens develops further by a process of cell proliferation and differentiation. The
anterior cells of the lens vesicle develop into a simple epithelium, while cells at the
equatorial region move medially and form secondary lens fibers (reviewed in Piatigrosky,
1981).

4
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Chapter One

General Introduction

Epithelial Cells

Cornea

■Primary fibers
Secondary fibers
Equator

Figure 2. Schematic drawing o f an eye. The epithelial cells are
located at the anterior surface o f the lens, while cells lining the
posterior wall elongate to fill the lumen (primary fibers). In the
equatorial region, epithelial cells proliferate to form secondary lens
fibers. Abbreviations: A, anterior pole o f lens; P, posterior pole o f
lens. Adapted and modified from Francis et al., 1999.

Classic View of Lens Induction
Classical experiments have formed much of our conception of the intricate
morphogenetic events that regulate eye development. Many of these studies have used
amphibian embryos to assess the mechanisms involved throughout lens induction. The
first evidence to show the importance of the optic vesicle in eye development emanated
from a simple observation that lenses arise solely from the surface tissues which have
come in close contact with the underlying developing retina. In addition, the presence of
a median eye as a result of a naturally occurring mutation in cyclopic embryos suggested
that dislocation of the primordial retina could induce other regions of the head ectoderm
to form lens. These observations led the early embryologists to propose the activity of a
potent and mutually inductive influence between the optic vesicle and the overlying
ectoderm (reviewed in Grainger, 1992).
The early studies by Hans Spemann provided the first experimental evidence to
support that the primordial retina is essential for lens formation (reviewed in Okada,
5
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Chapter One

General Introduction

2000). In these studies Spemann demonstrated that ablation of the presumptive retina of
neural plate-stage Rana fusca embryos inhibited lens development, which indicated that
the retina is necessary for lens development. Consequently, transplantation experiments
performed by Lewis implied that the optic cup could alter the fate of other ectodermal
cells and was adequate to induce lens as long as these cells were from the head (reviewed
in Okada, 2000). Together, the results supported a model in which an inducer tissue such
as the optic vesicle could act upon another tissue (the sensory ectoderm) and specify it to
form lens structures.
Although the early view of lens induction has played a role in establishing much
of our current concept of embryonic induction, it has recently become controversial.
Despite the fact that the optic vesicle appeared to be required for lens induction in some
model organisms, other studies suggested that the influence of the optic vesicle on lens
formation may not be universal among species within the same genus: free lenses
developed from lens ectoderm in the absence of the optic vesicle when Rana fusca was
replaced with Rana esculenta (reviewed in Okada, 2000). However, this apparent
variation in potency to induce lens by the optic vesicle among different species may
reflect slight discrepancies in the time at which retinal tissue is required for lens
formation. These conflicting views led to a number of studies which re-examined the
literature more comprehensively (reviewed in Hirsch and Grainger, 2000; Ogino and
Yasuda, 2000). In 1940, Stone and Dinnean challenged Lewis’ view on lens induction
and showed that contaminating host presumptive lens ectoderm (PLE), which is
associated with the transplanted optic vesicle, could also be the source of induced lenses
(reviewed in Hirsch and Grainger, 2000). Further studies by Saha (1989) also criticized

6
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Chapter One

General Introduction

many early experiments for failing to distinguish between host and donor tissues as well
as differentiated lenses and artifactual thickening of ectoderm.
Mencl was the first to show that “free lens” could form in the absence of the optic
cup in a mutant salmon, a finding that is inconsistent with an oversimplified model of
embryonic lens induction (reviewed in Ogino and Yasuda, 2000). King was also able to
generate these free-lenses in frog embryos by removing the entire neural plate, thereby
preventing the optic vesicle formation (reviewed in Ogino and Yasuda, 2000).
Furthermore, Spemann encountered contradictory results himself when he performed
ablation experiments on R. esculenta, a different species belonging to the same genus as
R. fusca (reviewed in Ogino and Yasuda, 2000). Unexpectedly, destruction of the entire
neural plate with a hot needle did not interfere with lens development, which suggested
that the presumptive retina may not be required for lens development following the
neural plate stage. Ensuing experiments by Von Woellwarth, however, revealed that the
posterior neural plate and its prospective derivatives, the migrating neural crest cells,
were able to inhibit free-lens formation. Thus, the elimination of lens suppressing factors
after the induction of the head ectoderm by anterior neural plate was confirmed as the
cause of the free-lens development in the earlier ablation experiments (reviewed in
Hirsch and Grainger, 2000).
Modern View of Lens Induction
In spite of many uncertainties in early studies, it is now agreed that the optic
vesicle is necessary but not sufficient for proper lens development. Recent advances in
modem techniques employing molecular cloning, gene inactivation, microarrays,
grafting, and transgenic studies have brought new insights to our conception of lens

7
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Chapter One

General Introduction

induction and differentiation. Today, many believe that there is no single inducer of the
lens. Early steps of competency in the lens-forming ectoderm may be established
through inductive signals emanating from underlying pharyngeal endoderm and heartforming mesoderm during early- and mid-gastrulation (Saha and Grainger, 1989). In
addition, the anterior neural plate acts consecutively as a second source to induce the
head ectoderm following the synthesis of transcription factors such as Otx2 and Pax6
which are required for defining the early eye field (Zygar et a l, 1998). Subsequently, the
optic vesicle specifies the lens ectoderm by secreting a number of inducing factors (eg.
BMP4) that regulate the expression of transcription factors essential for lens development
(Ogino and Yasuda, 1998). Amphibian studies have shown that lens induction is a multistep process and takes place in two separate phases (Henry and Grainger, 1987,1990;
Grainger, 1992, Grainger et al., 1997). The “early” phase of ectoderm to form lens
includes competence and bias, while the “late” phase begins when the developing optic
vesicle contacts and specifies the overlying head ectoderm (Fig. 3).

✓ Stage 14

B

Competence/Bias
Early Lens Indu

Stage 19

v* Stage26

Specification

Stage32 v

Differentiation

Late Lens Inducti

Figure 3. Summary o f lens induction during early eye development. (A) Transversal
sections o f Xenopus embryos are correlated with specific stages o f development and to
different phases o f lens induction. (B) Temporal windows o f lens forming competence, bias,
specification, and differentiation. Adapted from Henry et ah, 2002.
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Competence
Competence is an actively acquired property that allows a cell to respond to a
specific inductive signal. In the frog Xenopus laevis, the early phase of lens induction is
initiated as the mid gastrula ectoderm enjoys a brief period of lens-forming competence
(approximately stage 11; all stages follow those of Nieuwkoop and Faber, 1967). During
this time, ectoderm from the animal region of the Xenopus embryo undergoes
autonomous changes in competence, gains the ability to respond to inductive signals, and
possesses the capacity to form lens when grafted in place of the presumptive lensforming region of neural plate stage embryos (Servetnick and Grainger, 1991). While the
molecular mechanisms underlying the acquisition of lens-competence are unclear, there
are candidate genes to regulate this step such as xSox3 that are expressed at this time and
that are proposed to be contributors to this period of competency (Penzel et al., 1997).
Bias
Between the neural plate (stage 14) and neural tube (stage 19) stages, the head
ectoderm gains a lens-forming bias partly as a result of signals emanating from the
developing neural plate (Grainger, 1992, Grainger et al. 1997). In addition, underlying
mesoderm facilitates further induction of the presumptive lens ectoderm through
transverse tissue interactions (Henry and Grainger, 1990). Grafting experiments have
demonstrated that the transplanted lens-competent ectoderm shows a higher response to
the lens-inducing signals from the neural plate than to those from the developing optic
vesicle. This implies the significance of developing neural plate in the early phase of lens
induction (Henry and Grainger, 1990). Moreover, succeeding transplantation
experiments revealed that the head ectoderm responds to inducing signals from the optic
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vesicle by forming ectopic lenses. These studies indicate that inductive signals from the
neural plate as well as other tissues (eg. dorsolateral mesoderm) confer a lens-forming
bias on head ectoderm by the neural tube stage (Grainger et al, 1997). Although the
transplantation studies clearly demonstrate the influence of the neural plate in initiating
lens induction, the key regulators that direct these inductive events are as of yet
undetermined. The early expression of a number of transcription factors including Otx2,
Pax6, and Six3 is concurrent with the acquisition of lens bias (Blitz and Cho, 1995;
Pannese et a l, 1995; Kablar et a l, 1996; Hirsch and Harris, 1997; Zhou et a l, 2000).
The expression patterns of these genes as well consequent eye phenotypes following their
misexpression suggest that they may play a role in regulating the response to inductive
signals in the PLE.
Specification
Although all head ectoderm acquires a lens-forming bias at neural-tube closure,
only the PLE achieves the commitment to trigger lens development. Prior to lens
development, at least in mouse, it is presumed that a population of migrating neural crest
cells restricts lens formation to the PLE by actively inhibiting lens bias in the surrounding
head ectoderm (reviewed in Hirsch and Grainger, 2000). Lens specification is shown to
be a crucial step in eye development and involves extensive signalling “cross-talk”
between the optic vesicle and the surface ectoderm, mesoderm, and neural crest. Studies
in rodents clearly demonstrate a close association of the lens placode and the optic vesicle
through a network of laminin- and fibronectin-rich extracellular matrix materials
(McAvoy, 1980; Parmigiani and McAvoy, 1984). They also reveal that the combination
of glycoproteins and other extracellular matrix constituents including collagen fibers
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provide the proper adhesion between the two tissues and stimulate the formation of basal
extensions and cytoplasmic processes involved in induction of the lens ectoderm. During
this time, the PLE is specified by approaching optic vesicle and is able to form lens-like
structures (lentoids) when explants are isolated and cultured in the absence of additional
lens inducing signals (Henry and Grainger, 1990).
Differentiation
At the onset of differentiation, the PLE undergoes intensive morphogenetic
changes leading to the lens placode, lens vesicle, and ultimately lens formation. In the
developing lens, epithelial cells initially proliferate and many subsequently withdraw
from the cell cycle prior to their commitment to differentiation (Menko et al., 1984). As
development proceeds, proliferation is restricted to the epithelial cells covering the
anterior of the lens which continue to generate new cells. Conversely, epithelial cells at
the posterior end of the lens vesicle elongate, filling the cavity in the lens vesicle to form
primary lens fibres (reviewed in Piatigorsky, 1981). The lens epithelial cells consist of
two distinct populations of cells. The central cells progressively reduce their DNA
synthesis rate, while cells in the periphery continue to synthesize DNA, and thereafter
differentiate into secondary lens fibres (Wride, 1996).
Terminal differentiation of lens fibre cells is coincident with the synthesis of the
crystallins, which are the structural proteins of the vertebrate eye lens. Crystallin proteins
are the most abundant cytoplasmic soluble globular proteins in the lens. They are present
in a uniform concentration gradient with the highest concentration at the central region of
the lens, and they provide a refractive index that minimizes the light scattering in the eye
(Wistow and Piatigorsky, 1988). Furthermore, transparency of the lens is established by
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the proper arrangement of these molecules as well as efficient assembly of lens fibres in
constituent cells (Benedek, 1983; Delaye and Tardieu, 1983). In mammals crystallin
genes are classified into a, (3, and y subgroups based upon their sequence similarity,
expression pattern, and their association with several ocular diseases.
The alpha-crystallins represent approximately 50% of human lens crystallins and
show homology to the heatshock proteins of Drosophila, mouse, and human (Ingolia and
Craig, 1982). They play a role in maintaining the transparency of the lens by preventing
stress-induced aggregation of lens proteins. Exposure to heat, heavy metals, oxidizing
agents, and radiation can alter the conformation of lens proteins which may result in
aggregation and precipitation, a-crystallins act as protein chaperones by binding to nonnascent protein conformations and forming a secure soluble complex (Horwitz, 1992;
Rao et ah, 1998). Finally, they contribute to cellular architecture by interacting with lens
intermediate filaments including CP49 and filensin forming the beaded filaments
(Quinlan et ah, 1996). However, the biological significance of these interactions still
remains to be determined.
The other two remaining members of this family, the P- and y-crystallins, are
closely related globular proteins that are characterized by the presence of four antiparallel
P-pleated sheets known as “Greek key” motifs (Lubsen et ah, 1988). The P-crystallins
are categorized into two acidic or basic subgroups based upon their overall charges, and
they can form heterodimers as well as homodimers. In contrast to the P-crystallins, the ycrystallins only exist as monomers and have a unique compact complex due to the strong
intramolecular interactions between their domains. The condensed structure of the y-
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crystallins allows these molecules to pack tightly in the lens core and provide lens
transparency.
The precise temporal and spatial expression of crystallins is essential for the
maintenance of lens transparency and architecture throughout lens differentiation. The aand y-crystallins are first expressed in the developing lens vesicle and their expression
proceeds throughout primary lens fibre formation (Fig. 3; Van Leen et al., 1987). Next,
fh-crystallin is activated in the developing lens shortly after the primary fibre cells
proliferate (Treton et ah, 1991). The expression of the crystallin genes persists during
differentiation of the lens prior to secondary fibre formation when their expression is
restricted to the equatorial part of the lens (Fig. 3). Subsequently, the expressions of ycrystallins are diminished in this region and are confined to the lens nucleus (Treton et
al., 1991).
Genetic Control of Eye Development
Regulatory genes play a key role throughout various events involved in normal
embryonic development. Generally, such genes encode ligands, receptors, signal cascade
transducers, and transcription factors. These latter recognize specific DNA sequences in
the regulatory region of target genes and that thereby modulate their expression level.
Among the best studied and understood of the genes are the homeobox genes and the
proteins that they encode, the homeodomain proteins. Although they are not the only
developmental control genes, they seem to play crucial roles from the earliest to very
latest steps in embryogenesis (Kappen et al., 1993; Krumlauf, 1994; Lawrence and
Morata, 1994; Wolpert, 1994).
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Figure 4. Schematic representation o f sequential activation o f genes involved in eye
development. Anterior view o f schematized Xenopus embryo during early and late neural
plate stage (A and B, respectively). Transversal sections o f embryos during optic vesicle
formation (C) and lens differentiation (D). Adapted and modified from Bernier et al., 2000.

Homeobox Genes
Homeobox genes are important in the regulation of other genes and gene products
and can thus potentially exert a great deal of influence on the development of organisms
by initiating and controlling a cascade of regulatory interactions. Homeobox genes were
first discovered in Drosophila as homeotic genes which are involved in proper
specification of various body segments (McGinnis et al., 1984). In Drosophila, some of
the homeotic genes are clustered in two groups called the Antennapedia and the bithorax
complex (reviewed in Boncinelli, 1999; Gehring et al., 1994; Kaufman et al., 1990).
Mutations in these genes result in the transformation of a body part into a structure with a
contextually inappropriate spatial identity. For example, dominant mutations in the ultra
bithorax gene lead to the conversion of a haltere, an organ used in balance and orientation
in flight, into a second pair of wings. Additionally, gain-of-function mutations in
Antennapedia convert fly antennae and mouth parts into legs, while loss-of-function
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results in the reverse-legs assuming antennal attributes (reviewed in McGinnis and
Krumlauf, 1992).
All homeobox genes have a specific, conserved DNA motif called the homeobox.
This motif encodes a protein domain which is 60 amino acids long and is known as the
homeodomain. The homeodomain is characterized by a conserved helix-tum-helix
structure and is responsible for the recognition of a specific DNA sequence in the
regulatory region of downstream target genes (Gehring et a l, 1994). In eukaryotes, the
homeodomain contains three alpha-helix structures, of which the third helix contacts the
major groove of DNA (Dorn et al., 1994). Most homeodomain proteins recognize a
TAAT consensus sequence in their recognition site. However, two residues following
this common element establish their differential DNA-binding specificity, frequently in
combination either with the N-terminal arm which makes specific contact with the minor
groove of cognate sequence, or in combination with other DNA-binding elements such as
a paired-box. Finally, specificity can also be conferred by interaction with
heterodimerizing protein partners (Treisman et al., 1992).
Classification of Homeobox genes
Hox Family
Homeobox genes are classified into over twenty major groups based on their
sequence similarities, the presence of additional DNA-binding domains or other
conserved motifs, and their arrangements as clustered or dispersed genes in the genome
(Gehring et al., 1994). Two distinct classes of these genes include the Hox super family
of genes and the paired (prd) class. Hox genes are vertebrate homologs of Drosophila
homeotic complex genes and are present in four clusters, known as Hox A, B, C, and D.
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Similar to Drosophila, the arrangement of vertebrate Hox genes reflect their temporal and
spatial pattern of expression along the anterior-posterior body axis (Duboule and Morata,
1994). The expression pattern and knockout studies in mice suggest that Hox genes are
involved in the axial patterning of embryos: mutations in these genes are associated with
segmental transformations (reviewed in Krumlauf, 1994).
The Paired Class
The paired class homeodomain proteins are structurally defined by the presence
of a second DNA-binding domain of 128 amino acids (the paired domain), resembling
that of Drosophila prd gene (Schneitz et a l, 1993). The 50th residue within the
homeodomain appears to be responsible for the recognition of target DNA sequence and
is used to categorize these genes into three sub-classes (reviewed in Galliot et a l, 1999).
The Pax- or prd-type transcriptional factors are characterized by the presence of a serine
residue located at position 50 of their homeodomain (S50 type) as well as the prd domain
(Schneitz et a l, 1993). Conversely, the Paired-like (/W-like) class of homeodomain
proteins lacks the paired domain and the serine residue at position 50 of their recognition
helix. Furthermore, the Paired-like genes are subdivided into two groups: Those related
to Orthodenticle (Otd) encode homeodomains with a lysine residue at their 50* position
(the K50 class; Finkelstein et a l, 1990), and the Q50 Prd-Mkz genes which encode
homeodomains with a glutamine residue substituted for lysine (Schneitz et a l, 1993). All
paired-like homeodomain proteins share a C-terminal stretch of amino acids known as
the OAR- or aristaless domain (Semina, et a l, 1996). The OAR domain contains a
conserved 14 amino acid motif of poorly defined function which was initially identified
in Otp, Aristaless and Rax homeobox genes (OAR; Furukawa et a l, 1997; Galliot et a l,
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1999). Recent studies suggest that the OAR domain may act as an intra-molecular switch
that attenuates transcriptional activation by these proteins (Brouwer et al., 2003).
Although many of the paired and paired-like genes are implicated in eye
development, some also play multiple roles in numerous structures, presumably through
alternate splice forms and interactions with different proteins partners. For example,
Pax6 is a pleiotropic player in development that is involved not only in eye development,
but also in nasal structures, pancreas, gut, pituitary, brain and spinal cord formation
(Walther and Grass, 1991). In addition, Pitx2, a homolog of human R1EG gene, is
expressed in the developing eye, brain, and limbs as well as in the tooth primordia at
different stages of development (Semina et a l, 1996; Mucchielli et al., 1997). Recent
studies also reveal that the gene mediates the late phase of the pathway regulating
asymmetry of internal organs in vertebrates (Logan et al., 1998; Ryan et al., 1998;
Campione et al., 1999; Hjalt et al., 2000; Schweickert et a l, 2000; Faucourt et al., 2001).
Homeobox Genes and Lens Induction
The Otx Family
The Otx family are the vertebrate homologs of the Drosophila orthodenticle gene
(otd), which is crucial for proper head development in the fly (Finkelstein et al., 1990).
Otx I and Otx2 were first identified in the mouse and are co-expressed in developing
rostral brain (Simeone et a l, 1992). The role of these genes in specification and
regionalization of forebrain and midbrain has well established among different model
organisms (reviewed in Simeone, 1998; Acampora and Simeone, 1999). Knockout
studies have demonstrated that Otx2 is essential in patterning of the fore- and mid-brain,
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as Otx2-/- mice lack any brain region anterior to the hindbrain (Acampora et al., 1995;
Matsuo e ta l, 1995).
In Xenopus, xOtx2 is detected in the presumptive prechordal mesendoderm of the
organizer, the anterior neural plate, and later it is restricted to fore- and midbrain (Blitz
and Cho, 1995; Pannese et al., 1995; Kablar et al., 1996). xOtx2 is present at a low level
throughout the animal cap ectoderm (pigmented animal hemisphere of embryos) at
blastula and gastrula stages (Pannese et al, 1995) and is one of the earliest genes to be
expressed in the presumptive lens ectoderm at stage 14 (Zygar et a l, 1998). The gene is
activated through the periods of lens bias and specification both in the neural plate as
well as the sensory placodes (Zygar et al., 1998). During neurulation, xOtx2 transcripts
are detected in the presumptive lens ectoderm (PLE), presumptive nasal ectoderm (PNE),
and cement gland. Although the expression of xOtx2 continues in the anterior neural
plate, it is repressed by Rx expression in the eye primordia (Andreazzoli et al., 1999).
Since xOtx2 is down-regulated in the early eye field, this may indicate that the gene is not
required during lens specification. Nevertheless, the expression of xOtx2 proceeds in the
optic vesicle and eventually is restricted to the retinal pigmented epithelium (Bovolenta et
al., 1997).
Consistent with studies in knockout mice, overexpression of a chimeric construct
containing the open reading frame of x()tx2 and engrailed repressor domain inhibited the
anterior head structures including the fore-brain and the eye (Isaacs et al., 1999).
Transplantation studies in Xenopus also reveal that xOtx2 is activated in transplanted
lens-competent ectoderm shortly after being grafted in place of excised PLE. This
indicates that xOtx2 expression is one of the earliest responses to lens-inductive signals
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triggered by the anterior neural plate (Zygar et a l, 1998). More recent studies verify an
early requirement for Otx2 in vertebrate eye development, as overexpression of the early
eye genes such as Pax6, Six3 or Rx induce ectopic eye structures only in the ectoderm
initially defined by Otx2 (Chuang and Raymond, 2002).
Pax6
Pax6 is a highly conserved member of the Pax family, encoding a transcription
factor that contains both paired and homeobox DNA-binding domains (Bopp et a l, 1986;
Treisman et al., 1991). The gene was initially isolated in humans as a positional
candidate fox Aniridia, a condition characterized by numerous ocular abnormalities such
as hypoplasia, cataracts, and optic nerve hypoplasia (Ton et a l, 1991). The gene is
expressed in the developing central nervous system and in various eye structures
(Walther and Grass, 1991; Nishina et a l, 1999). Pax6 orthologues have been identified
in vertebrates (Hirsch and Harris, 1997; Li et a l, 1997; Walther and Grass, 1991), flies
(Quiring et a l, 1994), and squid (Tomarev et a l, 1997). The Pax6 gene is shown to play
a key role in regulating many developmental processes including the organogenesis of the
eye, brain, head and pancreas (Grindley et al., 1995; Mansouri et al., 1999).
Furthermore, mutations in this gene cause severe eye defects resulting in Small eye in
mice (Sey; Hill et al., 1991) and eyeless in Drosophila (ey; Quiring et a l, 1994), which
are phenotypes analogous to those found in human PAX6 mutations.
Notwithstanding the anatomical differences between the vertebrate and
invertebrate eye structures, Pax6 appears to have an evolutionary conserved function
among different organisms (Haider et a l, 1995; Gehring, 1996; Mathers and Jamirch,
2000). Recent studies suggest that Pax6 is a fundamental gene in vertebrate eye
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development. In frogs and flies, it is sufficient to induce ectopic eye structures (Haider et
a l, 1995; Altmann et a l, 1997; Chow et a l, 1999). Ectopic expression of the mouse
Pax6 or its Drosophila homolog, eyeless, results in fully developed compound eyes on
the antennae, the legs, and the wings of the fly (Haider et a l, 1995). Furthermore,
misexpression of the two Drosophila homologs of Pax 6, eyeless and twin o f eyeless (toy)
induce eye structures in Xenopus embryos in a cell-autonomous manner, confirming the
conserved importance of this gene in the genetic hierarchy regulating eye development
(Onuma et a l, 2002).
In Xenopus, xPax6 is one of the first molecular markers of lens induction and
appears to be the most upstream component of a signalling cascade that defines the eye
field through its interaction with various early-acting transcriptional regulators. xPax6 is
expressed in the presumptive lens and retina as well as in the nasal epithelium, the brain,
and the spinal cord at different stages of development (Hirsch and Harris, 1997).
Although Pax6 transcripts are detected early in the chick PLE during late gastrulation (Li
et a l, 1994), in Xenopus its expression is first seen at the late-neural-plate stages (Stage
15-16), shortly after x()tx2 activation in the PLE and presumptive nose ectoderm (Zygar
et a l, 1998). Pax6 expression persists in these regions and subsequently is detected in
the lens, the optic vesicle, and differentiating neural retina cells of the optic cup (Grindley
et a l, 1995; Kamachi et al, 1998).
The expression pattern of the gene is coincident with the establishment of a lensforming bias in the placodal ectoderm and persists in both the PLE and presumptive
retina throughout specification and differentiation of the lens (Hirsch and Harris, 1997).
Tissue recombination studies in Xenopus reveal that similar to xOtx2, the expression of
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xPax6 depends upon inducing signals from the developing anterior plate (Zygar et al.,
1998). Overexpression of xPax6 results in formation of ectopic lens and eye structures,
suggesting that Pax6 is sufficient for lens development (Altmann et a l, 1997). In rats, a
mutation results in phenotypes similar to those reported in the mouse Sey (Fujiwara et a l,
1994; Hill et al,. 1991). Tissue recombination between wild-type and Small eye mutant
PLE as well as optic vesicle demonstrate that Pax6 exhibits a cell-autonomous function
in the presumptive lens ectoderm and that the gene is not required in the optic vesicle to
initiate lens ectoderm specification (Fujiwara et a l, 1994). Furthermore, conditional
inactivation of Pax6 by knockout studies in mice suggests that Pax6 activity in the
ectoderm is essential during lens specification (Ashery-Padan et a l, 2000).
Pax6 is also involved in lens differentiation and regulates the expression of the
mouse aA-and aB-crystallin genes (Cvekl et a l, 1994; Gopal-Srivastava et a l, 1996) as
well as 81-crsystallin gene in the chick embryos (Cvekl et al, 1995). In chicks, Pax6
acts in concert with other transcriptional factors such as Sox2 and forms a complex that
mediates the expression of d-crsytallin in the lens placode (Kamachi et a l, 2001). In
addition, overexpression of Xenopus Pax6 results in ectopic expression of fiBl -crystallin
(Altman et a l, 1997) and induces lens-like structures.
Rx
Rx is a paired-like homeobox gene that was first identified in Xenopus (Mathers
et a l, 1997; Casarosa et al, 1997). The gene encodes a transcriptional factor that
contains a highly conserved paired-like domain, an octapeptide sequence, and a paired
tail (Mathers et al., 1997; Bopp et a l, 1986). Rx genes demonstrate a substantial
conservation of expression among frogs, mice, zebrafish, and chicks (Casarosa et a l,
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1997; Mathers et a l, 1997; Ohuchi et a l, 1999). Generally, all the vertebrate Rx genes
are initially detected in the anterior neural plate and later are restricted to the optic vesicle
and its derivatives. Xenopus Rxl (xRxl) is first expressed at the end of gastrulation in the
anteriormost region of the neural plate which will give rise to the presumptive retina and
forebrain structures. Subsequently the gene is detected in the envaginating optic vesicle,
diencephalon, pituitary and pineal gland. The expression of xRxl is restricted to both
presumptive neural retina and pigmented epithelium in forming optic cups and is
excluded from lens at all stages of development (Mathers et a l, 1997; Casarosa et al.,
1997).
In Xenopus, the anteriormost region of the neural plate is defined by the
sequential expression of several homeobox genes such as Otx2 (kablar et a l, 1996), Pax6
(Hirsch and Harris, 1997), Six3 (Andreazooli et a l, 1999), and Rxl (Mathers et a l, 1997;
Casarosa et a l, 1997). xOtx2 is one of the first genes that is expressed in the entire
prospective anterior neuroectderm during gastrula stages (Pannese et a l, 1995). At the
onset of xRxl activation, xOtx2 is repressed in a region corresponding to the xRxl
expression domain, which may suggest that xRxl is involved in patterning of the anterior
neural plate by suppressing x()tx2 (Andreazooli et a l, 1999). Furthermore, the overlap
between the expression patterns of xRxl and other important regulatory eye genes such as
xPax6 and xSix3 in the early eye field indicates that this gene may also play a critical role
in the early events of eye development (Zuber et a l, 2003).
Functional studies demonstrate that xRxl is required for eye and anterior brain
development. Gain-of-function experiments reveal that overexpression of xRxl leads to
the extension of ectopic RPE along the optic nerve, the hyperproliferation of the neural
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retina and duplication of the anterior neural tube (Mathers et al., 1997). These
phenotypes correlate with the inductive effect of xRxl misexpression on ectopic
expression of Pax6, Six3, and Otx2 in the eye field and suggest a proliferative role for
xRxl along with its function in specification of retinal progenitor cells (Andreazooli et
al., 1999). Loss-of-function studies in mice and frogs reveal a conserved function for Rx
genes in eye development. The targeted mouse Rx knockouts result in severe eye and
brain defects (Mathers et al., 1997). Homozygous null mice lack any eye structure as a
consequence of their failure to form the optic cup. These results are consistent with
phenotypes following microinjection of mRNA from a Xenopus Rxl dominant repressor
construct (xRxl-EngR mRNA), resulting in the absence of the telencephalon, eye vesicles
and ventral diencephalon (Andreazooli et a l, 1999). In both studies, loss of endogenous
Rx leads to significant reductions in the expression domains of early eye genes (Pax6,
Six3, and Otx2), suggesting that Rx may act upstream of these genes in lens induction
pathway.
Six3/Six6
Six3 is the vertebrate homologue of the Drosophila sine oculis homeobox gene
(so), and encodes a transcriptional factor that contains a conserved Six domain adjacent to
a homeodomain. Six3 was first identified in mice based on its similarity to the
Drosophila so gene (Oliver et al., 1995). The Drosophila so gene is required for
development of the entire visual system in flies and is involved in the initial events in
patterning of the eye disc as well as the optic lobes (Cheyette et a l, 1994). Recent
studies argue for a regulatory role for both Six3 and Pax6 in patterning of the anterior
neural plate and specification of the eye field.
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Six3 is initially expressed in the anterior neural plate including the eye field in
mice (Oliver et a l, 1995), chicks (Bovolenta, 1998), and frogs (Zhou et a l, 2000). In
mice, Six3 is not present in the presumptive lens ectoderm prior to lens formation,
however, it is detected prominently at the later stages in optic stalk, optic vesicle,
neuroretina and lens as well as pituitary gland (Oliver et a l, 1995; Lagutin et a l, 2001).
During neurulation, the expression of chick Six3 continues in the entire pre-lens ectoderm
and the optic vesicle, and subsequently is restricted to the prospective neural retina and to
the lens placode. In retina, Six3 is detected in neuroepithelium, however, its expression
diminishes as the neural retina differentiates to form photoreceptors and retinal ganglion
cells (Bovolenta, 1998).
Xenopus Six3 (.xSix3) shows a high conservation at the amino acid level to its
homologs in human, mouse, chicken, medaka fish, and zebrafish (Zhou et a l, 2000). The
gene is first detected extensively in the sensorial layer of the neuroectoderm within the
prospective anterior neural plate at gastrulation. Nevertheless, its expression domain is
limited to a narrow band in the ventral diencephalon and the eye primordium at late
neurulation (Zhou et a l, 2000). In contrast to Six3 expression in the chick and mouse,
xSix3 is not expressed conspicuously in the telencephalon and in this respect shows
greater similarity to expression patterns in medaka and zebrafish (Loosli et a l, 1998; Seo
et a l, 1998).
Despite their differences in expression patterns, members of the So/Six family
show functional conservation during eye development in both vertebrates and
invertebrates. Misexpression of murine Six3 in medaka fish embryos results in ectopic
lens formation in the otic vesicle region, suggesting that Six3 activity is conserved among
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different organisms and is required to initiate a genetic pathway during lens induction
(Oliver, et a l, 1996). Gain-of-function studies reveal a direct regulatory interaction
between Pax6 and Six3, and indicate a key role for these genes in defining a domain
within the anterior neuroectoderm which eventually gives rise to the retina (Chow et al.,
1999; Kobayashi et a l, 1998; Loosli et a l, 1999).
In medaka, misexpression of Six3 results in ectopic expression of Pax6 and
induces the formation of retinal primordia in the midbrain and prospective cerebellum
(Loosli et a l, 1999). Furthermore, gain-of-function studies indicate that Six3 functions in
the proximodistal patterning of the optic vesicle by regulating Vaxl, which is required for
the formation of ventral forebrain and proximal eye structures (Carl et a l, 2002).
Conversely, inactivation of Six3 by means of morpholino knock-down triggers apoptosis
in cells within the expression domain of Six3 and prevents forebrain and eye development
(Carl et a l, 2002). These results provide evidence for a crucial role for Six3 in the
determination of retinal identity and for a critical role in early eye development.
Optx2 (also known as Six6 or Six9) is another member the SZAf-homeodomain
family which is implicated in retinal determination. Although the gene is initially
expressed in gastrula, its expression is detected neither in the early eye field, nor in
forming lens placodes. During late lens induction, Optx2 is coexpressed with Six3
throughout the developing optic vesicle and later it is detected in the optic vesicle and
neural retina (Jean et a l, 1999; Zuber et al, 1999; Toy et a l, 1998). In chick,
missexpression of Optx2/Six6 results in ectopic induction of neural retina markers such as
ChxlO (Toy et a l, 1998), and in Xenopus, it leads to an expansion of the retinal territory
and an increase in eye size (Bernier et a l, 2000; Zuber et a l, 1999). These results
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suggest that similar to Six3, Optx2/Six6 may also play a role in the determination of
retinal fates and eye development.
Other Genes Involved in Eye Development
Sox Genes
High-mobility-group (HMG) proteins are small and relatively abundant
chromatin-associated proteins which are characterized by their sequence specificity and
the number of their DNA-binding domains (Laudet et a l, 1993). Sox genes encode
transcriptional factors that contain a domain similar to the HMG-motif present in the
mammalian testis-determining gene SRY (Sinclair et a l, 1990). The Sox family are
tightly regulated, show tissue specific expression patterns and are highly conserved
among different organisms (Kamachi et al., 1995; Pevny et al., 1997). These proteins
bind to their target sequence at high affinities and function as transcriptional activators in
mice (Kanai et al., 1996; Hosking et a l, 1995; Van de Wetering et al., 1993), chicks
(Kamachi et al., 1995) and humans (Sudbeck et al., 1996).
In contrast to many transcriptional factors, members of Sox family bind to the
minor groove of DNA and alter chromatin structure at their binding sites (Ferrari et al.,
1992; Giese et a l, 1992; Pevny et al., 1997). The architectural changes in chromatin
affect transcription since bending the target DNA may allow the required interaction
between distant enhancer binding proteins and the basal transcription complex. Soxl, 2
and 3 are the major Sox genes that show distinct and dynamic expression patterns
throughout lens development. In chicks, Sox2 is initially detected on the ventral surface
of the head and later it expands to the lateral ectoderm. Subsequently, Sox2 and Sox3 are
activated in the head ectoderm in a region apposed by the optic vesicle during the lens
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placode formation. The expression of Sox2 and 3 induce 5-crystallin synthesis, which is
followed by Soxl expression in the developing lens (Kamachi et a l, 1998). Removal of
the retina primordium in chicks results in the loss of Sox gene expression in the
presumptive lens ectoderm and leads to failure of eye development. This implies that
expression of these genes is tightly associated with induction of the lens placode and
signals derived from the optic vesicles (Kamachi et al. 1998).
Xenopus Sox3 (xSox3) is one of the genes believed to play a role in the early
specification of the pre-lens ectoderm. The gene is detected as a maternal transcript in
oocytes and is activated in the ectoderm from late blastulation through to gastrulation and
the lens-competence period in Xenopus (Penzel et al., 1997). The early expression
domain of xSox3 comprises both the presumptive neural and non-neural ectoderm during
gastrulation, however it is restricted to the neural plate as neurulation progresses.
Although expression is lost from the PLE between lens competence and specification,
xSox3 is activated in the PLE when the lens placode thickens, presumably under the
influence of signals emanating from the optic vesicle (Zygar et al., 1998). Studies in fish
have shown that the misexpression of medaka Sox3 induces ectopic lens formation cellautonomously (Koster et al., 2000). Together the expression patterns of the gene as well
as overexpression studies suggest that xSox3 may play a role in early determination of the
pre-lens ectoderm and lens placode development.
Lensl
Fork head transcriptional factors share a highly conserved DNA binding domain,
the fork head box, which resembles a helix-tum-helix motif, commonly also referred to as
a winged helix motif (reviewed by Kauftnann and Knochel, 1996). The first member of
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this family, fork head, was isolated in Drosophila and it was named based on its
phenotype in the mutant embryo (Weiget et al., 1989). Fork head factors bind to their
target sequence as monomers and are involved in many early developmental decisions of
cell fates during embryogenesis (Clark et al., 1993). Xenopus Lensl (.xLensl) shows high
homology to the DNA binding domain of Drosophila fork head (fkh) gene (Weigel et al.,
1989). xLensl is first detected at stage 13 in the ectoderm adjacent to the anterior edge of
the early neural plate. Similar to Otx2 and Pax6, xLensl is expressed in the presumptive
nasal and lens ectoderm throughout lens bias. Following lens specification, xLensl is
expressed in the PLE, lens placode, and later, it is detected in anterior epithelium of the
differentiating lens (Kenyon et al., 1999). The spatial expression of xLensl suggests a
role during lens bias. Furthermore, overexpression of Pax6 results in upregulation of
xLensl in Xenopus animal cap explants, suggesting that xLensl is downstream from
Pax6. At the onset of lens differentiation, xLensl is detected in lens epithelia cells which
remain proliferative throughout eye development. Functional studies demonstrate that
overexpression of xLensl inhibits lens differentiation, as evident by the loss of ycrystallins. The expression pattern and misexpression of xLensl suggest that the gene
may act to maintain the presumptive lens ectoderm in an undifferentiated stage (Kenyon
e ta l, 1999).
M a f genes
Members of the Maf family, including L-Maf, MafB and c-Maf, are
transcriptional factors that contain a basic-leucine zipper DNA-binding motif as well as a
distinct acidic domain that functions as transactivation domain. Maf proteins act as
developmental regulators of cellular differentiation and morphogenesis by several distinct
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pathways. For example, MaflB is involved in hindbrain development (Cordes and Barsh,
1994; Moens et a l, 1998); however, it also plays a role in establishing and maintaining
myelomonocytic lineage in hematopoietic system (Sieweke et al., 1996). Recent studies
reveal that L-Maf, c-Maf and MafB play key roles in vertebrate lens development. All
three genes are able to transactivate the alphaA-crystallin promoter in vitro, while L-Maf
also induces the delta-crystallin gene (Yoshida and Yasuda, 2002). L-Maf expression
appears to be specific to lens structures. In Xenopus, XL-Mafis detected prior to
thickening of the lens placode and its expression persists during lens placode formation
and subsequent lens differentiation (Ishibashi and Yasuda, 2001). In chick, L-Maf acts
downstream from the Pax6 pathway and in cooperation with Sox2 regulates deltacrystallin during lens development (Reza et al., 2002; Shimada et al., 2003).
BMPs
Bone morphogenetic proteins (BMP) are secreted signalling molecules that are
implicated in the genetic mechanisms directing lens placode formation. In mice, BMP7 is
expressed in both the optic vesicle and the head ectoderm (Dudley and Robertson, 1997).
Knockout studies in mice demonstrate that BMP7 null mutants exhibit normal eye
development prior to lens placode formation. Nonetheless, these embryos fail to form the
lens placode or the optic cup as the optic vesicle does not undergo invagination at the
later stages of eye development. Furthermore, the expression of Pax6, a critical eye gene,
is diminished in the lens placode-forming ectoderm. These results suggest that BMP7
acts upstream of Pax6 and is necessary for specification and lens placode formation
(Wawersik et al., 1999).
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BMP4 is another member of the BMP family genes that is expressed during
mouse eye development (Dudley and Robertson 1997). BMP4 transcripts are first
detected in the developing optic vesicle as well as the overlying surface ectoderm and
later become restricted to the dorsal optic vesicle (Furuta and Hogan, 1998). BMP4 is
one of the multiple inducing factors that provide essential clues for the optic vesicle to
elicit lens-inducing factors. BMP4 knockout experiments show that null mutant mouse
embryos fail to form lens placode. Furthermore, explant culture studies reveal that the
mutant phenotype is rescued if mutant eye primordia are cultured in the presence of the
wild-type optic vesicle, suggesting that BMP4 expression in the ectoderm is not critical
for lens development as long as a source for this soluble and diffusible factor is nearby.
Significantly, culturing the mutant optic vesicle with beads soaked with BMP4 did not
induce lens formation, indicating the BMP4 is only one of many inductive signals
required for lens specification (Furuta and Hogan, 1998).
The Piix Family
The Pitx family was first discovered through an involvement in regulation of
pituitary-specific genes. The Pitx genes encode paired-like /K50 homeodomain proteins,
and their three paralogs, Pitxl, Pitx2, andPitx3, show high sequence similarity among
chicks, frogs, mice and humans (Lamonerie et al., 1996; Semina et al., 1996; Crawford et
al., 1997; Gage and Camper, 1997; Lanctot et al., 1997; Semina et al., 1997). Pitx
homeodomain proteins share high homology in their homeodomain as well as in a Cterminal domain, referred as the OAR or aristaless domain (Meijlink et a l, 1999). The
Pitx genes each have a distinct expression pattern and perform distinct tasks during early
embryogenesis.
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The first member of this family, Pitx I, was initially identified in mice through a
two-hybrid screen, using Pit-1 as bait (Szeto et al., 1996). While Pitxl was originally
thought to be involved primarily in the regulation of pituitary hormone genes (Lamonerie
et al., 1996; Szeto et al., 1996), it is now clear that the gene plays a role in the
development of anterior structures such as the pituitary gland and lower mandible, and in
the specification of hind-limb (Chang et a l, 2001; Hollemann and Pieler, 1999;
Lamonerie et al., 1996; Lanctot et al., 1997; Logan and Tabin, 1999; Szeto et al., 1999;
Szeto et al., 1996). The expression domain of Pitxl is detected in posterior lateral
mesoderm and subsequently it is localized in hind-limbs (Lanctot et al., 1997).
Additionally, the gene is expressed in the stomodeum and its epithelial derivatives
including Rathke’s pouch. Later it is expressed in the lower jaw, tongue, and jaw
muscles (Lanctot et a l, 1997). Knockout studies demonstrate that inactivation of murine
Pitxl results in severe mandibular and pituitary defects (Lanctot et al., 1999; Szeto et al.,
1999).
Subsequently, a related gene, Pitx2, was identified in humans as the causative
agent of Rieger’s Syndrome, a craniofacial malformation that perturbs normal eye, facial,
and tooth development (Semina et al., 1996). Pitx2 plays a role in the development of
anterior structures including the head and branchial arches, as well as in the myotome and
myoblasts of limbs (Logan et a l, 1998; Marcil et al., 2003). Although Pitx genes are
activated in a tissue-specific manner, their expression patterns overlap somewhat. For
example, murine Pitx2 is coexpressed with Pitxl in Rathke’s pouch, suggesting a role in
pituitary development (Gage et al., 1997; Lanctot et a l, 1997). Furthermore, Pitx2 is
expressed in left lateral plate mesoderm and is implicated in asymmetrical patterning of
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internal organs such as heart and guts (Campione et a l, 1999; Essner et al., 2000; Gage
and Camper, 1997; Lin et al., 1999; Logan and Tabin, 1999; Schweickert et a l, 2000;
S em in al a l, 1996; Yoshioka et a l, 1998).
Low stringency screening of a mouse embryonic cDNA library utilizing murine
Pitx2 as a probe has led to the cloning of Pitx3 which maps to mouse chromosome 19
(Semina et al.,\991). In contrast to Pitxl and 2, murine Pitx3 has not been detected in
the mammalian Rathke's pouch or in pituitary andenomas, and it is expressed primarily in
mesencephalic dopaminergic (MesDA) neurons of midbrain as well as in somites, lens
placode, and forming lens pit (Semina et al, 1997). Within developing mid-brain, Pitx3
expression is confined to mesencephalic dopaminergic neurons and later it persists in this
region in rodents and humans (Smidt et al, 1997). Moreover, Pitx3 has been implicated
in the development and maintenance of MesDA neurons, as reduction in its expression
level is associated with loss of these neurons in Parkinson’ patients as well as animal
models for this disease (Smidt et a l, 1997).
Pitx3 expression patterns overlap those of Pitx2 in the mesenchyme and its
derivatives in the eye (Semina et al., 1998; Semina et a l, 1996; Smidt et a l, 1997). In
mice, Pitx3 has been identified as the causative locus for aphakia, a recessive mutation
resulting in small eyes that lack lenses (Semina et a l, 1997). Furthermore, Pitx3 has
been isolated from a human craniofacial cDNA library, following hybridization of a
mouse Pitx3 probe, and is located on chromosome 10. Consistent with its expression in
mice, Pitx3 is also detected in human lenses. Mutations in this gene results in anterior
segment mesenchymal dysgenesis and autosomal-dominant congenital cataracts,
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suggesting a role for this gene in anterior-chamber and lens development (Semina et al.,
1997; Semina etal., 1998).
Description of the Project
The aim of this project was to elucidate the role of a key player in eye
development. Eye development in frogs is fundamentally similar to that of human,
providing us with a valuable system to clarify the role of genes during lens induction.
The main focus of this study was to further characterize a Pitx gene family member,
xPitx3, and its role during the development of Xenopus laevis. Following the cloning of
xPitx3, the temporal and spatial expression of the gene was examined. Expression
studies revealed that xPitx3 is detected in tissues fated to contribute to eye structures.
Next, the role of xPitx3 in the early inductive events during lens development was
assessed by means of gain- and loss-of-function studies. The expression patterns of
xPitx3, as well as the gain- and loss-of -function experiments, suggested the importance
of xPitx3 in early lens induction events during normal development. Furthermore,
reciprocal grafting experiments were employed to demonstrate that xPitx3 is required for
lens formation, and consequently, for proper retinal induction.
Xenopus as a Model Organism for Eye Development
The South African frog, Xenopus laevis, has served as a valuable model for
studies of early embryonic development. In the laboratory, the female frog can be
induced to ovulate a large numbers of eggs by injecting a small amount of human
chorionic gonadotropin, a hormone purified from pregnant women’s urine. Xenopus
embryos are relatively large, develop rapidly in an external environment, and can
withstand extensive surgical intervention. The accessibility of the embiyos and their
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amenability to translate injected mRNA make Xenopus embryos favorable tools for
elucidating the genetic mechanisms underlying many important developmental events: it
is a relatively simple matter to mimic gain- and loss-of-function mutations. Xenopus
genes show a great functional conservation to homologs among various organisms. Thus,
the genetic manipulation of genes within this organism can provide us with insights into
the molecular basis of many developmental defects in humans.
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C H A P T E R TW O
CLONING AND EXPRESSION PATTERNS OF XPITX3
SUMMARY
Pitx homeodomain proteins are highly conserved regulatory proteins that were
first discovered on the basis of their involvement in the transcriptional regulation of
pituitary-specific genes. Here we report the cloning of a. Xenopus homolog which
encodes a conceptual protein of 292 amino acids and shows a high similarity in amino
acid level to human and murine Pitx3. Early neurula expression of xPitx3 is restricted to a
crescent of anterior ectoderm and in particular to a discrete spot which is fated to form
Rathke’s pouch. During tailbud stages, xPitx3 is expressed in the pituitary, branchial
arches, and developing lens, and later in otic vesicle, somites, and in the developing heart
and gut.
INTRODUCTION
All three paralogs of the Pitx family, Pitxl, Pitx2, and Pitx3, are involved in
vertebrate eye development. In mice, Pitxl plays an important role in the development of
anterior structures, and in particular, of the pituitary gland, lower mandible, and hindlimb
(Hollemann and Pieler, 1999; Lamonerie et al., 1996; Lanctot et al., 1997; Lanctot et al.,
1999; Logan and Tabin, 1999; Szeto et a l, 1999; Szeto et al., 1996). In Xenopus, xPitxl
is also expressed in the presumptive lens ectoderm prior to lens specification and persists
in developing lens vesicle (Chang et al., 2001; Hollemann and Pieler 1999). Similarly,
Pitx2 plays a role in the development of anterior structures, however, in contrast to
xPitxl, Pitx2 is detected in the periocular mesenchyme of mouse embryos and its
expression is excluded from lenses. Mutations in this gene are linked to Rieger’s
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syndrome which is characterized by anomalies of the anterior chamber of the eye
(Alward et al., 1998).
Murine Pitx3 has been identified as the causative locus for aphakia, a recessive
mutation resulting in small eyes that lack lenses. Additionally, mutations in human
PITX3 lead to anterior segment mesenchymal dysgenesis (ASMD) and autosomaldominant congenital cataracts, which are defined by corneal opacities with or without iris
adhesion, cataract, and optic nerve abnormalities (Semina et a l, 1997 and 1998).
Differences between phenotypic severity caused by mutations in human and mouse Pitx3
may indicate that human PITX3 mutations result in a partially active protein, while in
mice they lead to significant but incomplete loss of the protein.
Unlike Pitxl and Pitx2 that are coexpressed in the maxilla, mandible, Rathke’s
pouch, eye, umbilicus, midgut region and limbs (Semina et al., 1996; Szeto et al., 1996),
the expression of murine Pitx3 is restricted to mesencephalic dopaminergic neurons of
midbrain, and to the forming vertebrae, lens placode, and forming lens pit (Smidt et al.,
1997; Semina e ta l, 1997; Semina etal., 1998; Pellegrini-Bouiller et a l, 1999). During
lens development, Pitx3 is expressed throughout the developing lens, including the
primary lens fibers. Subsequently, the gene is detected in the anterior epithelium and in
the equator regions of the lens vesicle as it undergoes proliferation and differentiation.
By day 15, Pitx3 expression expands to the eye muscles and the eyelid (Semina et al.,
1997). Similar in mice, rat Pitx3 is not detected in the anterior pituitary, but is expressed
in neurons located in the mesencephalic dopaminergic (mesDA) system of the midbrain
(Smidt et a l, 1997). Interestingly, the loss of Pitx3 correlates with the loss of the mesDA
neurons in both Parkinson’s patients and rats injected with the neurotoxin 6-OHDA.,
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suggesting that it may be involved in development or maintenance of these neurons in
mammals. The expression patterns as well as the mutant phenotypes of the Pitx genes are
suggestive of their role in proper eye formation.
This chapter highlights the cloning, temporal and spatial expression patterns of
the Xenopus homolog of Pitx3, xPitx3, during early embryogenesis. xPitx3 shows high
homology at the amino acid level to other Pitx family genes, particularly to human and
murine Pitx3. Furthermore, its transcripts are detected throughout the course of lens
development as well as other structures such as Rathke’s pouch, somites and branchial
arches. The expression of xPitx3 suggests that the gene may have a conserved function
during lens induction.
MATERIALS AND METHODS
Library Screen and Cloning
A Xenopus stage 28-30 Head cDNA library constructed in the X Zap II
bacteriophage vector (gift from R. Harland, [Hemmati-Brivanlou etal., 1991]) was
screened at moderate stringency with murine Pitx] probe. The screening procedures
were followed as outlined in the X Zap II cDNA library screening protocol (Stratagene)
with two exceptions: the hybridization temperature was lowered to 55°C and the final
stringency wash was omitted. One of the positive clones showed a high similarity to the
homeodomain and C-terminus of known Pitx family members. Subsequent screens of the
library failed to yield a clone which possessed a complete open reading frame. A
Xenopus head and heart cDNA library (stage 28-35) was constructed in commercially
prepared vector (Stratagene) and screened by PCR with T3 and a forward internal primer
in order to obtain the missing 5' end of the truncated clone. A 500 base pair fragment
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was amplified and sequenced which showed a high similarity to human and murine Pitx3
N-terminus. This fragment was used as a probe to screen the library for the full-length
open reading frame of xPitx3. One positive clone was isolated and sequenced which
contained the complete open reading frame of xPitx3 (Accession number AF265671).
Sequence analysis was performed by using Clustal W for amino acid alignments and
comparison.
Embryo Preparation
Xenopus laevis embryos were obtained by in vitro fertilization. Jelly coats were
removed with 2% cysteine solution (pH 7.8) and embryos were cultured as previously
described (Drysdale and Elinson, 1991). Developmental staging was according to
Nieuwkoop and Faber (1967). Animals were reared and used in accordance with
University, Provincial, and Federal regulations,
Whole-mount in situ hybridization
In situ hybridizations were performed according to established protocols
(Harland, 1991) using digoxigenin labeled riboprobes. Digoxigenin labeled sense and
antisense riboprobes for Pitx3 were generated from linearized clones containing either 5'
end and truncated open reading frame (lacking most of the homeodomain and Nterminus), or full length sequence using T3 and T7 RNA polymerase respectively.
Embryos for sectioning were fixed in 4% paraformaldhyde in PBS solution overnight at
4°C. Subsequently, embryos were dehydrated in 30% sucrose, soaked in Tissue-tek
(MILES) overnight at 4°C and then embedded in Tissue-tek. Frozen sections were cut at
20pm thickness, mounted in 50% Glycerol and photographed.
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RT-PCR
Embryos were stored in batches of 10 in RNA later (Ambion) until all desired
stages had been collected. Purifications of RNA from each of the stages were done in
parallel using oligo dT-polystyrene beads (Sigma DMN-10). From each of the sampled
stages, mRNA equivalent to one embryo was withdrawn and cDNA synthesized in the
presence of RNasin (Promega) using reverse transcriptase according to the
manufacturer’s instructions (Omniscript, Qiagen). One fifth volume of this reaction was
employed as template for amplification. PCR conditions were determined empirically to
establish the linear range of amplification for xPitx3. Reactions were accomplished using
a thermo-stable polymerase in lOmM Tris (pH 9.0), 50mM KC1,0.1% Triton X-100,3
mM MgCE, 0.2 mM dNTPs, 0. ImM [32P]dCTP, and 1 uM of each primer (Pitx3 AAGTCCGTTGTCATCACA and CTTCTGGAAAGTGGAGCA; EFl-a CAGATTGGTGCTGGATATG and ACTGCCTTGATGACTCCTA; ODC GTCAATGATGGAGTGTATG and TCCATTCCGCTCTCCTGA). Initial denaturation
was for 3 minutes at 94°C, and cycling parameters were repeated 29 times at 94°C for
45°C seconds, 57°C for 1 minute, and 74°C for 45 seconds. One tenth of each reaction
was run out on 4% polyacrylamide in 0.5 x TBE, and then monitored by autoradiography.
RESULTS
Molecular Cloning and cDNA Analysis
A clone containing the complete open reading frame of xPitx3 (Genbank #
AF265671,2000) was isolated from a Xenopus head and heart cDNA library (stage 2835). Although there are minor allelic differences in the nucleotide sequence, the
conceptual protein is identical to a second xPitx3 reported by another laboratory
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(Pommereit et al., 2001). xPitx3 encodes a conceptual protein of 292 amino acids, and
shares high similarity to Pitx family members, and in particular to human and murine
Pitx3 (Fig. 1). The homeodomain of Xenopus Pitx3 is identical to Xenopus Pitx2, human
Pitx3, murine Pitx3 and 98% identical to xPitxl. Although Pitx3 shows higher amino
acid identity to xPitx2 (76%) in the C-terminus than do the murine and human Pitx3
/PITX3 homologs (54% and 55% respectively), in the N-terminal domain, xPitx3 is more
similar in terms both of sequence and of length to human and murine Pitx3 (64%) than to
xPitx2 (22%).
Expression Pattern oixPitx3 During Early Development
Spatial and temporal expression of xPitx3 was examined by whole-mount in situ
hybridization and by RT-PCR. Although expression in the pituitary and lens primordia
has been previously described in Xenopus (Pommereit et al., 2001), we found that the
gene was also expressed in additional tissues in a pattern more consistent with the activity
of Pitx3 seen in rodents (Smidt et al., 1997). Analysis by RT-PCR indicates that the gene
is expressed slightly before gastrulation and then appears to substantially up-regulate at
mid-neurula stages (Fig. 2). The earliest expression of xPitx3 mRNA detected by whole
mount in situ hybridization was evident at the late neurula stage in the sensorial layer of
anterior ectoderm. Figures 3A and 3B show the early expression of xPitx3 in the
stomodeal-hypophyseal region and in the eye field, as well as below the margin where
the cement gland will form. In cross section, it is apparent that xPitx3 is expressed in the
eye field, prechordal plate, and ventral anterior ectoderm (Fig 4A). Expression in the
developing pituitary persists (Figs 3C, 3D, 4B), and xPitx3 expression becomes
increasingly prominent during the development of the lens (Figs 3D,E). In the mid- to
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late neurula stages, Pitx3 is faintly detected in presumptive oral plate (Fig 3B and data
not shown), which is distinct from the patterns of expression for either Pitxl or Pitx2
(Campione et a l, 1999). During the late phase of lens induction, xPitx3 is detected in the
presumptive lens ectoderm, the part of the head ectoderm that has come into close
apposition with the optic vesicle (Fig. 4C). We do not see expression on the archenteron
roof and speculate that this could have been an artifact of trapping in a previous study
(Pommereit et a l, 2001). Expression continues in the lens ectoderm as it thickens and
gives rise to the lens placodes. By stage 30, xPitx3 is highly expressed in the developing
lens and pituitary (Fig. 3D, 4D, 4E), and later, xPitx3 is expressed in the otic vesicles,
somites, branchial arches, and lower jaw region (Fig. 3E, 3F). Up to this point, the
expression of the gene is similar to the patterns of Pitx3 expression described in mouse
(Smidt et a l, 1997) but for one respect: Xenopus Pitx3 transcripts are detectable in the
pituitary. When the head expands and the lenses have formed, Pitx3 expression
disappears from the lens and becomes asymmetrically expressed in the looping gut and
heart. Sense controls demonstrate little in the way of background staining (Fig 3G), by
stage 43, xPitx3 is expressed in the heart (Fig 3H, 31), the most distal region of the
stomach and strongly on the right side of the growing intestine (Fig.3H). Finally, as the
intestine forms a double-coiled structure, the expression of the xPitx3 is restricted to the
end of the second coil as it loops clockwise and forms a S-shaped structure (Fig. 31).
DISCUSSION
The frog Pitx3 gene encodes a conceptual amino acid sequence with high
conservation to previously described mammalian homologs. xPitx3 expression is first
detectable by RT-PCR in late stage blastulae. In addition, xPitx3 is expressed at a low
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level during lens competence and bias and later it is significantly upregulated during lens
speciation as well as differentiation. Whole mount in situ hybridization also reveal that
xPitx3 is expressed in the presumptive lens ectoderm and its expression persists
throughout lens development. The gene undergoes its most intense period of expression
at the time that the lens placodes begin to form. The expression of xPitx3 continues
through lens placode, and lens vesicle stages of development but subsides shortly
thereafter.
Although the gene appears to be expressed in many of the same tissues (lens,
somites, and branchial arches) (Semina et al., 1997; Smidt et al, 1997), there are some
regions of expression unique to frog such as the anterior ectoderm which borders the
folding neural plate, and the ectoderm which ultimately gives rise to the pituitary gland.
Furthermore, we have discovered that the gene is expressed in a few regions additional to
the pituitary primordium and lens placode reported by Pommereit et al. (2001): xPitx3
also expresses in early eye field, the lateral regions of prechordal plate, the paraxial
mesoderm, and ectoderm below the presumptive cement gland region during neurula
stages. In contrast to its mammalian homologs, xPitx3 transcripts are not detected in the
midbrain region. Nevertheless, we have detected that the gene is expressed in developing
somites which is consistent with the activity of Pitx3 seen in rats: Pitx3 is expressed in
the sclerotome and its cartilaginous derivatives (Smidt et a l, 1997). In addition, there is
symmetrical low level and general expression in the lateral plate mesoderm, at neurula
stages, and a period of asymmetrical expression in looping heart and gut following stage
41. Finally, we do not detect any xPitx3 expression on the archenteron roof and believe
that this could have been an artifact of trapping in a previous study (Pommereit et a l,
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2001). In this study, riboprobe in situ hybridization patterns were identical irrespective
of whether 5’ xPitx3 probe (excluding homeobox) or complete sequence were employed.
Furthermore, although Pitx gene family members overlap in the pituitary gland, xPitx3
expression domains were distinct in other respects from the patterns revealed for Pitxl
and Pitx2. For example, xPitx3 probe was never found in the cement gland (Pitxl) or in a
band of left lateral plate mesoderm (Pitx2).
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Figure 1. Comparison of the predicted amino acid sequences in the homeodomain, Nand C-terminus (A) and overall amino acid sequence alignment (B) between xPitx3 and
other Pitx genes in Xenopus, mouse, and human (GeneBank accession numbers for
hPitx3, mPitx3, xPitxl, and xPitx2 are AAH11642, NP032878, AAF29531, and
AAC29426, respectively). Although xPitx3 shows a high sequence homology to human
and mouse Pitx3, all Pitx family genes are highly conserved in their homeodomain and
aristaless domain. Identical amino acids are represented by asterisks, while dashes
correspond to gaps introduced into the amino acid sequence in order to obtain optimal
sequence homology.
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Figure 2. Temporal expression of xPitx3 analyzed by RT-PCR, and its correlation with
different phases of lens induction. xPitx3 mRNA is detected in the mid blastula and early
gastrula during the period of early lens competence (St. 9-11.5). Pitx3 expression is
sustained throughout the late gastrula and neural plate stage, concurrently with lens
bias/specification events (St. 12-19). Its expression appears to be significantly upregulated slightly prior to the neural tube stage (St. 19), and persists through lens
commitments (St. 19-26) and differentiation (St. 26-34). Controls represent transcription
detectable for ornithine decarboxylase (ODC) and elongation factor 1-alpha (EFl-a).
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Figure 3. Spatial expression pattern of xPitx3 assayed by whole-mount in situ
hybridization. (A, B, C). Early stage embryos seen laterally from a slightly anterior
perspective (right) in (A), head on (B), and from the right side with the head twisted to
face out on the right (C); (D) anterior top view of stage 30 embryo, xPitx3 is highly
expressed in the differentiating lens and Rathke’s pouch (the cement gland is at the right);
(E) lateral view; (F) ventral view of tadpole at stage 39. xPitx3 is expressed throughout
heart and gut development. Sense control embryos (G) reveal no hybridization of probe,
while both gut and heart display asymmetrical labeling during looping of both organs (H,
I,). Abbreviations: BR, branchial arch; EA, Eye anlage; J, jaw musculature; L, lens; OV,
otic vesicle; R, Rathke’s pouch; S, somite; S/H, Stomodeal-hypophyseal anlage; h, heart.

Figure 4. Parasagittal section (A) and anterior transversal sections (B, C, D, E) of wholemount in situ hybridization of xPitxS during the pituitary and eye development. (A)
Anterior is oriented right, and the arrowhead indicates the prechordal mesoderm, and eye
anlage region. Abbreviations: R, the pituitary primordium-Rathke's pouch; LE, Lens
ectoderm; LP, Lens placode; L, Lens.
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CHAPTER THREE
PITX3 PLAYS A ROLE IN XENOPUS EARLY EYE DEVELOPMENT

SUMMARY
Among other features, xPitx3 is expressed in tissues fated to contribute to eye
development. These include neurula stage ectoderm and prechordal mesoderm, and later,
presumptive lens ectoderm, lens placode, and then lens. Ectopic expression and inhibition
assays suggest that xPitx3 directs development of lens placode, and that without its
influence, both the lens and retina fail to form. xPitx3 over-expression expands the early
expression domains of Pax6, and also increases medial expression of Six3. Lens, optic
cup, optic nerve, and diencephalon formation are subsequently altered. Expression of a
Pitx3/engrailed repressor chimera alters early expression domains of Pax6, Rx and Six3,
and later inhibits lens development consequently abrogating retinal induction. This later
inhibition of eye development is reflected by diminished expression of Pax6, Six3, Rx,
pBl-crystallin, Otx2, and Lensl. Similar effects are obtained using antisense morpholino
oligonucleotide-mediated translation knockdown. Reciprocal grafting experiments using
wildtype and morpholino treated tissues demonstrate that Pitx3 is required for lens
formation. Contradictory to recent assertions that retina can be induced in the absence of
a lens, our results suggests that the expression of Pitx3 in the presumptive lens ectoderm
is critical for retina induction.
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INTRODUCTION
The preliminary steps of eye development appear to involve the bifurcation of an
anterior field (Li et al., 1997), and the subsequent definition of optic competence in the
neural plate and lens ectoderm. These two fields come in apposition, and the lens placode
and optic cup are induced. This process is probably under the influence of genes such as
Otx2, Pax6, Six3, Rx and Lensl (reviewed in chapter 1). Although competence to form
lens is elicited in ectoderm during early gastrulation (Servetnick and Grainger, 1991), the
lens placode itself does not form until after the anterior neural tube bulges to form optic
vesicles. When this neural tissue comes into close proximity to anterior ectoderm a lens
placode is induced which in turn stimulates the optic vesicles to form cup-like structures
- the precursors to the neural and pigmented layers of the retina. The lens placode
dimples to form a pit, which subsequently invaginates and the placode then rounds up to
form a vesicle which ultimately differentiates into lens.
It is presumed that the proximo-distal (brain vesicle to lens) specification of the
eye occurs during the mutually inductive ectoderm/neurectodermal interaction.
Furthermore, reciprocal signalling events initiated following this interaction are believed
to be involved in the specification of the neural retina. Early studies have clearly shown
that the “cross-talk” between the presumptive lens ectoderm (PLE) and the optic vesicle
is critical for eye development and the removal of the lens ectoderm prevents retina
formation (Hyer et al., 2003 and references within). Moreover, they demonstrate that the
progenitor cells of the optic vesicle have bipotential properties to form either the neural
retina or retinal pigmented epithelium (Hyer et a l, 1998). These results suggest that
patterning of the optic vesicle is under the influence of distinct inducing factors that are
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derived from adjacent tissues: presumptive lens ectoderm is required for the neural retina
formation, while extraocular mesenchyme instructs specification of the retina pigmented
epithelium.
The presumptive lens ectoderm (PLE) is crucial for specification of neural retina.
This has been demonstrated by experiments in which the optic vesicle was rotated by 180
degrees so that retina pigmented epithelium (RPE) was facing the presumptive lens
ectoderm instead of the neural retina. Lens ectoderm is capable of changing the fate of
the prospective retina pigmented epithelium into neural retina, indicating its potent role in
directing the proper optic cup patterning and consequently eye development (reviewed in
Chow and Lang, 2001). More recent studies in chicks have confirmed that the PLE is
required for the patterning of the early stage optic vesicle (primordial retina) and later for
optic cup morphogenesis (Hyer et al., 1998; Hyer et al., 2003). The later study clearly
shows that invagination of the optic vesicle demands apposition between the presumptive
retina and the lens ectoderm, and establishes that the pre-lens-ectoderm provides
inductive signals required for the conversion of optic vesicle to the optic cup.
Furthermore, studies in mice also reveal that the removal of lens ectoderm results in
embryos lacking a lens vesicle as well as an optic cup (Nguyen and Amheiter, 2000).
Recently, the requirement of lens to induce retina has come into question in
mutant mice where Pax6 activity has been altered specifically in lens alone (AsheryPadan et al., 2000). In this study, conditional knockout of Pax6 by employing the CreloxP recombination approach results in somatic deletion of Pax6 exclusively from the
sensory ectoderm during lens specification. Consequently, the Pax6 lens-impaired mice
fail to form lens, and yet still retain an ability to differentiate neural retina (Ashery-Padan

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter Three

The Role of xPitx3 in Lens Induction

et al., 2000). These results suggest that Pax6, which is expressed in both presumptive
lens ectoderm and presumptive neural retina, directs specification of lens and retina in a
cell- autonomous manner and its elimination in the presumptive lens ectoderm does not
affect optic cup morphogenesis. Importantly, although lens fails to form, nevertheless
Sox2, a gene indicative of specified lens ectoderm, is still expressed in the presumptive
lens ectoderm.
Delicate studies in chicks have confirmed that the transition from optic vesicle to
retina requires the presumptive lens ectoderm but not developing lens (Hyer et al., 2003).
In these studies, the removal of lens placode does not interfere with optic cup
morphogenesis and results in a fully differentiated retina. Conversely, abolishing the
presumptive lens ectoderm prior to its contact with the optic vesicle prevents both lens
and optic cup formation (Hyer et al., 2003, Hyer et al., 1998). Clearly, the temporal
window within which ectoderm exerts its influence is restricted.
In mice, Pitx3 has been identified as the causative locus for aphakia, a recessive
deletion mutation resulting in small eyes that lack lenses. Nevertheless, Pitx3 transcript is
detectable at low levels by RT-PCR in these homozygous mutant mice and the deletion
does not encompass coding exons (Rieger et al., 2001). Additionally, mutation of human
PITX3 results in anterior segment mesenchymal dysgenesis and autosomal-dominant
congenital cataracts (Semina et al., 1998; Semina et al., 1997). In both of these studies,
the mutations reside outside of the sequences encoding the homeodomain, and the
resulting protein likely retains partial function.
This chapter focuses upon the role of xPitx3 in eye development. Over-expression
or inhibition of xPitx3 function early in development alters the size of the eye field as
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assessed by the markers Pax6, and Six3. Interference with endogenous xPitx3 activity by
injection of an in vz/ro-transcribed engrailed repressor ZxPitx3 chimera results in
abrogation of lens formation, and in the absence of this critical cue, further prohibits
induction of the retina. This is phenocopied at higher penetrance by morpholinomediated translational knockdown, suggesting that the normal role of xPitx3 is that of a
transcriptional activator. Reciprocal graft experiments demonstrate that xPilx3 must be
active in the presumptive lens ectoderm in order for lens to form and for retina to be
induced.
MATERIALS AND METHODS
Embryo Preparation
Xenopus laevis embryos were obtained by in vitro fertilization. Jelly coats were
removed with 2% cysteine solution (pH 7.8) and embryos were cultured as previously
described in 0.1% Modified Bart’s Saline (Drysdale and Elinson, 1991). Developmental
staging was according to Nieuwkoop and Faber (1967). Animals were reared and used in
accordance with University, Provincial, and Federal regulations.
Microinjection
An expression construct was derived using Vent polymerase (New England
Biolabs) and primers (5’ end TAG CCC AGG ATC CTT TTA ACA; 3’ end GCT CTA
GAT CAT ACT GGC CGA TCC) which bracketed the open reading frame of xPitx3 and
possessed restriction sites for EcoRI and Xba I at the 5’ and 3’ ends respectively, and
which facilitated insertion into pCS2- (pM46). A second expression construct was
generated by subcloning a BamHl/Xbal fragment representing nucleotides 115 to 1035
which includes the open reading frame of xPitx3 as well as its 5’ upstream kozac
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sequence into pCS2- (pM83). In addition, a dominant repressor construct (xPitx3-EnR)
was made by cloning a Vent-amplified fragment (oligonuleotide sequences 5’ ATT CCT
CGA GCC ACA TGG ATT TCA ATC TTC; 3’ GCT CTA GAT CAT ACT GGC CGA
TCC A) into the Xhol/Xbal site of the engrailed repressor ENG-N plasmid (kind gift of
M. Kessler).

For translation knockdown assays, a sequence immediately 5’ of the

xPitx3 start codon was identified as ideal for morpholino mediated translational
knockdown by comparing xPitx3 nucleotide sequence with other family members in
Xenopus. The xPitx3 antisense morpholino oligonucleotide {Pitx3-Mo) and the control
sequences were TGGGCTAATCCTGGTTGAAGGGAAT, and
CCTCTTACCTCAGTTACAATTTATA respectively.
Synthetic capped mRNA of xPitx3, xPitx3-EnR, and/or Green Fluorescent
Protein (GFP) transcript was made from linearized template using mMessage Machine
(Ambion) driven by a SP6 promoter. Capped mRNA or morpholino was resuspended in
water and injected into embryos with a Drummond nanoinjector. Injections were made
into the animal pole of embryos at either the 1-cell or 2-cell stages. Concentrations of the
capped mRNA injected ranged from 10 to 600 pg. Injection volumes never exceeded 9.2
nl. Injected embryos were cultured in 0.1 X MBS and 2% Ficoll-400 (Sigma) at 12 °C for
at least 1 hr to allow healing before being removed and allowed to develop at room
temperature. When injected embryos were intended for comparisons of one treatment to
a control, the embryos were coinjected in one blastomere at the 2-cell stage with the
transcript of interest and GFP marker for identification of the side of injection. The
contra-lateral side served as a control.
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In vitro Translational Assay
xPtoi-expressing clones were assembled in pCS2- for specificity tests. The
clones were identical save for the presence or absence of the morpholino site, and mRNA
was derived from expression vectors used in xPitx3 overexpressin studies (described in
microinjection section). Constructs were verified by sequencing. Morpholino specificity
was assessed by analyzing in vitro translated 35S-methionine labeled product (Retie
Lysate, Ambion) that had been run on an SDS-PAGE apparatus (10% polyacrylamide
gel) according to standard protocols. After electrophoresis, the protein gel was fixed in
45% methanol and 10% acetic acid for 10 minutes in room temperature. Subsequently,
the gel was dried for one hour at 80°C in a gel dryer apparatus. The gel was exposed to
an X-ray film overnight at -70°C and radioabeled protein products were visualized by
autoradiography. xPitxS expression was assessed following addition of xP/fxi-directed
morpholino or control morpholino using constructs that either possessed or lacked the
target sequence. In vitro transcribed/translated GFP served as an internal control for
expression levels.
Whole-mount in situ Hybridization
In situ hybridizations were performed on embryos or animal cap explants
coinjected with GFP mRNA (400 pg) and xPitx3 (150 pg) or xPitx3-Eng mRNAs (150
pg). Additionally, embryos microinjected at the two-cell stage with fluoresceinated
xPitx3 morpholino oligonucleotides (18 ng) or control morpholino (20 ng) were assessed
by in situ hybridization according to established protocols (Harland, 1991). Digoxigenin
labeled antisense riboprobes for xOtx2 (Biltz et al., 1995), xPax6 (Hirsch et al., 1997),
xSix3 (Ghanbari et al., 1991), xRxl (Casarosa et al., 1997), xLensl (Kenyon et al., 1999),
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xbra (Smith et al., 1991), Pax2 (Heller and Brandli, 1997), and f3Bl (kind gift from
Hemmati-Brivanlou) were generated from linearized plasmids using digoxigenin labeled
riboprobes.
Ectodermal Cap Culture
Stage 9 embryos were removed to 0.5X MMR containing 2% Ficoll-400 (Sigma).
Ectodermal explants were excised and cultured overnight at 17°C in Petri dishes coated
with a thin layer of 0.5% agarose in 0.5X MMR. Explants were then removed to 0.1X
MMR and cultivated until they reached the stage at which sibling intact control embryos
had developed prominent optic vesicles (stage 28 or later). Explants were then fixed in
MEMPFA and processed for in situ hybridization as described.
Grafting Presumptive Lens Ectoderm
Wildtype and xPitx3 antisense morpholino-injected embryos were removed to
0.5X MBS at stage 15, and ectoderm from the presumptive lens region was excised from
adjacent embryos and the grafts were exchanged. Embryos were then incubated at 17°C
until scored.
RESULTS
Misexpression of xPitx3 Affects Normal Head and Eye Development
The early expression pattern of xPitx3 and its persistence throughout lens
development suggests a role for the gene in lens induction. To study the role of xPitx3
during eye development, we performed gain- and loss-of-function experiments by over
expressing or inhibiting xPitx3 by mRNA injection and morpholino knockdown in
Xenopus embryos (Fig. 1, Tables 1-3). Ectopic expression resulted in developmental
defects in the eye and anterior brain regions leading to abnormal head development

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter Three

The Role of xPitx3 in Lens Induction

(compare control Fig 1A to 1B-E). The severity of defects elicited was dose-dependent
until the amounts of RNA injected exceeded 100 pg (Table 1). Beyond these levels,
anterior structures were hard to interpret because of the severity and complexity of
phenotypes observed. These high-dose embryos frequently displayed extreme under
development of anterior head and bent body axes. Occasionally, misexpression of xPitx3
induced ectopic eye formation (Fig. 1C, 4% at 25 pg). The most common phenotype
observed in embryos injected at the one-cell stage was a diminished diencephalon that
was frequently associated with the extension of retinal pigmented epithelium (RPE)
towards the midline (Fig. 1B&D, 59% at 100 pg). In more severe cases, the retinas
formed more medially and might even fuse to each other at the expense of extensive
reduction of the diencephalon (Fig. IE). Overexpression of xPitx3 perturbs the midline
and in extreme cases results in cyclopia (for example 8% at 50 pg, n=225). We were
surprised to find that xPitx3 also induces the formation of ectopic cement glands in a
dose-dependent manner.
Interference with Endogenous xPitx3 Prevents Eye Development
Inhibition of normal xPitx3 activity by injection of a dominant negative repressor
chimera (150 pg) or by morpholino-mediated translational knockdown (5 to 18 ng)
resulted in diminished eye structures (32%, n=T45 and 45%, n=89 at 18 ng, respectively;
summarized in Tables 1 and 2) and in extreme cases, inhibition of eye development
(14%, n=145 and 39%, n=89 at 18 ng, respectively; compare control Fig. 1G to 1 H&I,
IF). In order to determine if xPitx3-EnR injection specifically interferes with
endogenous xPitx3 function, we coinjected both transcripts into one-cell stage embryos
(Table 2). Eye defects and anterior head reduction caused by the mutant construct can be
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rescued by overexpression of the wild type transcripts as evident by t-test results when
compared to phenotypes induced by xPitx3-EnR microinjection alone. Subsequent to the
coinjection of 150 pg of xPitx3-EnR and 100 pg of xPitx3 RNA, 20% of embryos showed
a complete rescue of eye structures (t (200 ) =3.47; p<0.001), and although an increase in
the percentage of embryos showing anterior head reduction occurred at this dose, there
was a notable decrease (17% to 6% (t(203 >=2.77; p<0.001) in this phenotype when 300 pg
of xPitx3 mRNA was coinjected with xPitx3-EnR mRNA (Table 2). The eye phenotypes
were noticeably reduced in the coinjected embryos compared to the embryos injected
with only the chimeric xPitx3-EnR mRNA, however these results were not statistically
significant (Table 2). Overall, phenotypes, including eye defects, were considerably
rescued in comparison to embryos injected with chimeric xPitx3-EnR mRNA at both
doses (40%; t (2oo) =3.47; p<0.001 at 100 pg of coinjected xPitx3 mRNA and 37%; t(ng)
=2.49; p<0.05 at 300 pg of coinjected xPitx3 mRNA). These results support the
specificity of the chimeric protein.
Morphologies of control morpholino injected embryos were normal insofar as
head and eye morphology were concerned, however Pitx3-directed mopholino injected
embryos displayed morphologies identical to those seen following injection of the xPitx3EnR repressor construct: inhibited lens and retina development ensued, but at higher
frequency (Table 3). Furthermore, embryos injected with xPitx3-Mo display
underdeveloped eye structures as they lack pigmented ventral portion of retina (Fig 1H,
30%, n=89 at 18 ng).
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xP/ttJ-Morpholino Specifically Targets xPitx3 Translation in vitro
Morpholino action appears specific as assessed by in vitro assays (Fig. 2).
Antisense xPitx3 morpholino oligonucleotides (xPitx3-Mo) did not affect the translation
of xPitx3 mRNA lacking the xPtoi-morpholino-equivalent site. However, translation of
xPitx3 construct containing the JcP/Txi-morpholino-equivalent site was blocked in the
presence of Pitx3-Mo at 18 and 36 ng, but not by a standard control morpholino
oligonucleotide. Control GFP mRNA co-translated in the presence of xPitx3-Mo and
xPitx3 was unaffected by either morpholino.
Mopholino Mediated Knockdown of xPitx3 Inhibits Ectodermal Graft Competence
to Induce Eye Structures.
Morpholino-injected and control embryos were used to provide reciprocal swaps
of presumptive lens ectoderm. Fluorescein tagged morpholino was used to provide a
lineage marker in order to gauge the efficacy of the surgeries (Fig. 5). Embryos were
injected with xPitx3-Mo (18 ng) or control morpholino (20 ng) at the two-cell stage.
Furthermore, xPitx3 (80 pg) and GFP (150pg) mRNAs were coinjected into embryos at
the one-cell stage. Control embryos hosting wild-type presumptive lens ectoderm (PLE)
did not show significant eye defects (97% normal). Conversely, PLE containing xPitx3Mo resulted in total loss of eye structures (33%) or, in less severe cases, inhibited the
expansion of RPE ventrally (31%). Although wild-type PLE seems to rescue eye
development in xPitx3-Mo injected embryos, 28% of embryos still show defects in the
optic cup morphogenesis (Table 4). Finally, control embryos hosting xPzYxS-injected
non-PLE did not form any visible eye structures.
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Effects o(xPitx3 Manipulation upon Expression of Eye Genes
Some aspects of the phenotypes induced by xPitx3 overexpression are similar to
those observed with gain-of-function of essental eye genes such as xPax6 and xRxl
(Chow et al., 1999; Mathers et a l, 1997). Furthermore, interference with endogenous
xPitx3 inhibits both lens and retina development. We utilized whole-mount in situ
hybridization to determine the effects of ectopic expression of xPitx3 on genes involved
in eye development during early establishment of the eye field and after lens placode
formation. For this purpose, we co-injected xPitx3 capped RNA (150 pg) with a lineage
tracer RNA encoding GFP into a single blastomere of two-cell stage embryos. We used
the uninjected side of the embryo as a contralateral control to compare the effects of
xPitx3 RNA microinjection.
Misexpression of xPitx3 results in ectopic expression of the medial stripe and a
broadening of the xPax6 expression domain in the anterior crescent at the early stages of
development (Fig. 3A). At later stages, xPax6 expression was up-regulated in the
forebrain and was expanded in developing eye towards the midline (Fig. 3A’).
Conversely, xPitx3/engrailed repressor (150 pg) or morpholino (18 ng) injection resulted
in inhibited expression of xPax6 - more markedly so with morpholino (Fig. 3B, B’, C,
C’). Ectopic xPitx3 changes the early expression domain of xSix3, where the transcripts
appear to be enhanced medially and diminished distally (Fig. 3D). Nevertheless, in later
stages of development, xSix3 expression in the eye was reduced, but not abolished (Fig.
3D’). The chimeric construct and morpholino caused xSix3 expression to expand dorsally
at both early and late stages (Fig. 3E, E’, F, F’). Overexpression of xPitx3 has disparate
effects on the expression of xRxl expression- it was reduced in presumptive retina
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regions (Fig. 3G) at neurula stages, however, its expression was expanded at the later
stages when the optic vesicles were formed (Fig. 3G’). Repressor and morpholino
mediated inhibition have the reverse effects (Fig. 3H, H’, I, and I’). Ectopic xPitx3 did
not induce changes in xLensl expression at the early stages (Fig. 3J), but an increase in
intensity of transcript was observed in the developing eye at later stages (Fig. 3J’).
Inhibition resulted following both repressor and morpholino treatment (Fig. 3K, K’, L,
L’).
xOtx2 expression in xPilx3-injected embryos was only marginally perturbed:
xOtx2 was expressed in less well-defined patterns and appear somewhat dispersed while
expression in the cement gland anlage was slightly enhanced (Fig. 3M). These early
perturbations are consistent with the pattern of enlarged and ectopic cement glands:
x()tx2 itself induces cement gland. By early tailbud stages, xOtx2 expression normalized
(Fig. 3M’). Repressor and morpholino inhibited xOtx2 but appeared to inhibit and induce
diffuse expression dorsally (Fig. 3N, N \ O, O’).
Finally, we analyzed the effects of xPitx3 mis-expression on maturing lenses by
using PB1 -crystalline probe in whole-mount in situ hybridization. Ectopic xPitx3 had
little effect upon f3Bl-crystalline in lens, however, the chimeric construct and the
morpholino diminish or abrogate expression of f3Bl -crystalline on the injected side of the
embryos (Fig. 3P, P’).
xPitx3 Induces Eye M arker Genes in Ectoderm Cap Explants
To further investigate the role of xPitx3 in altering the expression of other genes
important to eye development, embryos were injected with xPitx3 or control mRNA near
the animal pole at the 1-cell stage. At blastula, the animal caps were removed and
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cultured for 2-days. Uninjected caps, or animal caps injected with p- galactosidase
mRNA fail to exhibit expression of the eye marker genes xPax2, xPax6, J3-B1 Crystallin,
xSix3, or xRxl. Similarly, animal caps probed for expression of Xbra (brachyury)
demonstrate an absence of mesoderm (Fig. 4A). When animal caps are derived from
embryos first injected with xPitx3 mRNA, several eye markers are elicited, including
xPax2, xRx, xLensl, Crystallin, and xSix3 (Figs. B-EJ, but not xPax6 (Fig F). Other
markers of anterior and/or eye development such as the hatching gland markers XCG and
xOtx2, as well as lens differentiation marker, fi-Bl -crystallin are induced to express by
xPitx3 (Fig. 8G-I). xPitx3 is in turn inducible by both xLensl and xPax6 (Fig. 4J,K).
DISCUSSION
Ectopic xPitx3 Results in Anomalous Eye Development
Overexpression of wildtype transcript has profound effects upon craniofacial
modeling; it will induce ectopic eye structures as well as ectopic cement glands. xPitx2
also induces supernumerary cement glands, and since the xPitx3 gene is not normally
transcribed in the cement gland, we hypothesize that an identical amino acid sequence in
the homeodomain permits ectopic xPitx3 to mimic xPitx2 in this regard (Faucourt et al.,
2001). A common phenotype results in a diminished diencephalon, frequently in
association with extension of the pigmented retina to the midline. A similar
morphological elongation of the pigmented retina at the expense of diencephalon has
been seen in mutants of other genes which exhibit periods of expression in the developing
eye such as Pax2, BMP-4, and Pitx2 (Torres et a l, 1996). Significantly, similar retinal
anomalies have also been described in animals which have experienced abnormal midline
development (Agarwala et a l, 2001; Ahlgren and Bronner-Fraser, 1999; Chiang et a l,
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1996; Macdonald et al,, 1995). We note that no such similar anomalies have been
reported following xPitx2 or xPitxl over-expression. In extreme cases, overexpression of
xPitx3 suppresses eye formation or results in a single anteriorly positioned eye structure.
Inhibition of eye development following ectopic expression of xPitx3 may be explained
as a consequence of severe reduction or pre-specification of the forebrain territories
which are required for both lens and retina induction.
Ectopic xPitx3 Alters Expression of Eye Patterning Genes
When xPitx3 is overexpressed in only one cell of a two blastomere embryo, the
uninjected blastomere serves as a contralateral control. When embryos were assessed for
the activity of marker genes early during definition of the retinal and lens fields, it was
apparent that, for two of the markers, ectopic xPitx3 had the effect of enlarging
expression domains: xPax6 expanded distally and medially, and xSix3 medially.
Additionally, although xPax6 expression was possessed of the same number of bands in
the developing brain, these bands were sometimes anteriorly shifted on the xPitx3-treated
side (Fig. 4A). (We have discounted the possibility that this is due to a suppression
specifically of the extreme-most dorso-anterior regions using noggin as an indicator ectopic xPitx3 appears to have no affect on expression of this gene). xRxl is slightly
down-regulated, but xOtx2 and xLensl expression patterns were relatively unaffected. In
contrast, during the later stages which encompass lens development, xPax6, xLensl, and
xRxl were up-regulated, while xSix3 was somewhat suppressed, and xOtx2 was relatively
unaffected. Generally those genes which enjoy a period of medial expression in the
unbifurcated lens field prior to stage 18 were up-regulated (Altmann et a l, 1997). Later,
in the period following eye field bifurcation, genes either went up or down depending
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upon whether or not they expressed predominantly in distal (lens and retina) or more
medial structures (optic disc, stalk, and brain) respectively (Bernier et al., 2000; Chuang
and Raymond, 2001; Kenyon et ah, 1999; Zhou et al., 2000).
Manipulation of animal cap explants by means of xPitx3 over-expression suggest
that the gene can act to induce both early (xRxJ, xSix3, xOtx2, and xPaxI) and late
(xLensl and /3-B1 crystallin) eye genes. The gene cannot induce activation of xPax6,
however xPax6 can induce expression of xPitx3. Possibly, given its early expression
pattern, xPitx3 acts upstream of xLensl and /3-B1 crystallin and it may operate
downstream from xPax6. At later stages it is likely that both xLensl and xPax6 act to
refine xPitx3 expression. Overexpression of xPitx3 results in ectopic cement gland
formation on the body flank, assessed by in situ hybridization, using XCG and xOtx2
markers, and this was confirmed by animal cap explant analysis. We wondered, given
that the gene was sufficient to induce eye markers, whether it was also necessary. We
therefore conducted experiments in which xPitx3 activity was inhibited either through
activity of an engrailed repressor, or by morpholino-mediated translational knockdown.
The xPitx3/engrailed repressor construct and xPitx3 morpholino abrogate lens
development
Predictably, expression of an engrailed repressor/xPz'/xJ chimera had the effect of
inhibiting lens formation; however it also removed the conditions necessary for induction
of a retina: eye development can be completely inhibited. This effect is identical in
phenotype but occurs more frequently with morpholino treatment, presumably reflecting
a greater ease of diffusion and persistence in injected embryos. In less severe cases,
xPitx3-Mo interrupts complete differentiation of optic vesicle, as RPE is only present in
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the dorsal region of the vesicle and does not expand ventrally. These results are
consistent with reported eye phenotypes in aphakia mouse studies where both lens and
retina formation is arrested (Rieger et a l, 2001; Semina et al., 2000). The repressor and
morpholino appear to exert the reverse effect of wild-type xPitx3: xPax6 expression is
inhibited around the margins (especially so with the morpholino), while xRxl and xSix3
expression is elevated at early stages but diminished later. Both the morpholino and the
repressor chimera have the longer term effect of inhibiting expression of lens and retinal
markers on the injected side during the stages at which lens and retina commence
differentiation. Late expression of xPax6, xRxl, xLensl, xOtx2 and J3-B1-crystallin
defined diminished domains on the side of embryos injected with the morpholino or
repressor construct. xSix3 expression was slightly diffuse. These effects are
understandable - lack of a developing lens would preclude both normal induction of an
optic cup and the consequent expression of retina patterning genes.
Wild-type xPitx3 over-expression might expand or prolong the contiguity of the
anterior eye field with the result that midline structures fail to develop normally. This
could explain the development of abnormally extended retinas and of pin headed
cycloptic embryos. By contrast, in the instance of the morpholino and repressor chimera
injected embryos, suppression of lens development means that even though the other
players in eye development might express, appropriate structures cannot form because
critical inductive interactions are lacking - the lens primordia fail to form.
Reciprocal grafts between morpholino and wild-type embryos demonstrate that
xPitx3 activity in the pre-placodal lens ectoderm is a critical to the differentiation of these
cells, and consequently to the ensuing mutual induction of lens and retina: inhibition of
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normal xPitx3 function at this juncture abrogates eye development. Conversely,
competent pre-lens ectoderm can rescue lens and retina induction in morpholino-injected
embryos. Nevertheless, 28% of embryos displayed arrested differentiation of optic cup:
RPE did not expand ventrally around the vesicle. Given that xPitx3 is expressed in the
lateral prechordal mesoderm, our results may indicate that xPitx3 also play a role in
transverse induction of lens ectoderm. Pervious studies suggest that mesoderm is critical
for induction of overlying pre-lens ectoderm (Henry and Grainger, 1990). Together the
results suggest that pre-placodai expression of xPitx3 in the ectoderm as well as its
expression in the underlying mesoderm is required for proper lens and retina
morphology. Since the morpholino and repressor phenotypes represent merely different
degrees of the same general phenotype, xPitx3 must act as a transcriptional activator.
This is consistent with at least one documented instance showing that xPitx3 activates
mouse tyrosine hydroxylase promoter in the midbrain (Lebel et al., 2001).
Presumptive Lens Ectoderm is Critical to Induction of the Retina
Recent studies have suggested that abrogation of Pax6 expression in lens
primordia prohibits lens differentiation, but nevertheless retina can still form: lens is not
necessary to induce retina (Ashery-Padan et a l, 2000). By contrast, although grafted
xP/7x3-deficient presumptive lens ectoderm also fails to differentiate lens, retinal
induction appears to be prohibited. It is worth noting that despite the absence of a
differentiated lens in the aforementioned Pax6 lens-mutant mice, surface ectodermal cells
express lens markers such as Sox2 and Six3. Many of the transcription factors that
regulate eye development are thought to both auto- and cross regulate, and to act in
concert (Mathers et al., 1997; Zhang et al., 2000; Zuber et a l, 2003). Since xPitx3 does

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter Three

The Role of xPitx3 in Lens Induction

not induce xPax6 in Xenopus explants, it is unlikely to be immediately upstream of this
gene in the pathway leading to lens development. xPitx3 may act as a critical downstream
effector of xPax6, but it would have to also be inducible by other factors in order for the
Pax6 mutant mice to form neural retina since xPitx3 morpholino-treated embryos form
neither lens, nor induce retina. Moreover, since aphakia mice exhibit at least detectable
levels of Pitx3 transcript despite deletion of promoter elements (Semina et al., 2000), we
might speculate that even drastically diminished xPitx3 expression in ectoderm could be
sufficient to elicit the expression of other eye transcription factors sufficient to permit the
induction of neural retina in a manner similar to induction in Pax6 lens-mutant mice
(Ashery-Padan et al., 2000). Similarly, however impaired the rest of the translated
product might be, extant human Pitx3 mutants encode proteins with an intact
homeodomain. Possibly, for induction of retina to be inhibited, Pitx3 activity in lenscompetent ectoderm must be completely abrogated - a circumstance achievable in
morpholino-treated frogs, but not in the naturally occurring mammalian mutants
characterized thus far. Alternatively, the neurula stage expression of Pitx3 in the eye
field is unique, and signifies a mode of eye induction that is distinct from mammals.
Discrimination between these two possibilities will have to await the description of a
Pitx3 knockout mouse.
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Effects of xPitxS overexpression on the head or eye structures.

Control

Phenotypes
Dose ofxPitx3 mRNA injected

Normal
Ectopic Cement Gland
Ant. Head Reduction
Normal Eyes
RPE
Fused Eyes
Missing Eyes
Ectopic Eye
cyclopia
Total Number

GFP

Poked

10 pg

25 pg

50 pg

100 pg

300 pg

74%

53%

54%

6%

100%

100%

7%

17%

36%

78%

0%

0%

5%

22%

40%

59%

0%

0%

100%

85%

75%

20%

100%

100%

0%

2%

0%

5%

0%

0%

0%

7%

8%

9%

0%

0%

0%

3%

19%

57%

0%

0%

0%

4%

0%

0%

0%

0%

0%

3%

8%

6%

0%

0%

233

168

225

200

113

78

Note: All embryos were injected with xPitx3 mRNA derived from pM83 expression
construct at the one-cell stage. Control embryos were either poked with a glass needle or
injected with GFP mRNA prior to the first cell cleavage. Embryos were assessed for the
presence of the cement gland at stage 32. Tadpoles at stage 52 were scored for the eye
and head abnormalities. Missing eyes is consequence of grossly abnormal head
patterning. RPE refers to extensions of pigmented retinal epithelium towards the midline.
As some phenotypes were compound, column percentage may not add to 100.
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Percentage of phenotypes observed in embryos injected with xPitx3-EnR
chimeric mRNA or in the rescue experiment.

RNA injected
(Pg)

n

Normal

Ant. Head
Reduction

Reduced
Eye

Missing
Eye

GFP
(400 pg)

125

100%

0%

0%

0%

Pitx3-EnR
(150 pg)

145

20%

17%

32%

14%

Pitx3-EnR +Pitx3
(150pg+ 100pg)

107

40%
(p<0.001)

31%
(p<0.05)

23%
(NS)

8%
(NS)

Pitx3-EnR +Pitx3
(150 pg + 300 pg)

71

37%
(p<0.05)

6%
(p<0.001)

22%
(NS)

10%
(NS)

Note: Collected data are obtained from embryos injected with indicated mRNA(s)
concentrations at the one-cell stage. All tadpoles were scored in stage 50 for eye and
head phenotypes as described in the text. Some embryos revealed only axial defects
which have not been included in this table, while others showed multiple phenotypes (eg.
anterior head reduction associated with reduced eyes), therefore percentage will not sum
to 100%. Statistical significance of complete or partial rescue for observed phenotypes
were measured using a t-test. Percentage of rescued phenotypes (Pitx3-EnR + Pitx3) was
compared to those which resulted from Pitx3-EnR injection. /7-values less than 0.05 were
considered significant. NS refers to no significant rescue compared to the mutant
phenotype.
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Effects of xPitx3 morpholino knockdown on the anterior structures.

Phenotypes

Dose of xPitx3-Mo injected
5 ng
14 ng
18 ng

CMO
20 ng

74%

66%

16%

90%

13%

14%

15%

10%

10%

10%

30%

0%

Missing Eye

3%

10%

39%

0%

Total Number

210

52

89

115

Normal Eye
Small Eye
Underdeveloped Eye

Note: All embryos were injected at the two-cell stage and phenotyped at stage 46. These
results summarize the effect of jcPtoi-morpholino antisense oligonucleotides (xPitx3Mo) and control morpholino oligonuleotides (CMO) on eye development. Other
phenotypes including axial defects are not included. Underdeveloped eye implies that the
eye has incompletely developed and resembles an undifferentiated optic vesicle (Fig. H).
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Table 4. Morpholino-mediated translation knockdown and reciprocal neural plate
ectoderm transplantation show that xPitx3 is required for eye development.
PhenotvDes
n

Normal Eye

Underdeveloped Eye

No Eye

30

96.6%

3.3%

-

Pitx3-Mo injected embryos
hosting wild-type PLE

32

72%

28%

-

Control embryos hosting
Pitx3-Mo injected PLE

45

35.5%

31.1%

33.3%

Control embryos hosting
Pitx3 injected non-PLE

6

-

-

100%

Pitx3-Mo injected embryos
(18 ng, 2-cell stage)

89

30.3%

30.3%

39.3%

CMO injected embryos
(20 ng, 2-cell stage)

115

100%

-

-

Control embryos hosting
wild-type PLE

Note: Results were obtained from at least three independent experiments. Embryos were
microinjected with Fluorescein tagged morpholino or xPitx3 at the two-cell stage, and the
uninjected side was used as a contra-lateral control to compare the consequent eye
phenotypes. Wild-type, or xPitx3 morpholino (xPitx3-Mo) injected presumptive lens
ectoderm (PLE) was grafted onto Pitx3-Mo injected or wild-type embryos, respectively.
Reciprocal grafts between the wild-type control embryos demonstrate the efficacy of the
transplantation procedures used in these experiments. While control morpholino did not
provoke any significant eye phenotypes, translational knock down mediated by xPitx3Mo inhibited eye development. Control embryos hosting with xPitx3 injected non-PLE
did not development any eye structures. Normal eye represents eye structures that
contained both lens and intact RPE. Underdeveloped eyes show abnormality in the optic
cup morphogenesis evident by retardation in ventral expansion of RPE.
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Fig. 1. Dorsal view of tadpoles injected with xPitx3 at the one-cell stage (B, C, D, E),
and iP/fcd/engrailed repressor chimeric RNA at the two-cell stage embryos (F). Lateral
view of normal embryo at stage 34 (G) and embryos injected with xPitx3-Mo at the two
cell stage (H & I). Over-expression of xPitx3 induced severe eye defects. (A) Uninjected
control tadpole at stage 46. (B) Extension of RPE towards the midline shown by an
arrow. Ectopic eye-like structures (C). Anterior head reduction is here associated with
extension of RPE (D). Severe reduction in the for-brain results in fused eyes (E). A
Xenopus tadpole injected with xPitx3-EnR in one blastomere at the two-cell stage.
Interference with normal xPitx3 activity resulted in the absence of an eye on the injected
side (F). Conrtol uninjected embryo at stage 34 (G). xPitx3-Mo interrupts retina
differentiation (H) and in severe cases inhibits normal eye development (I).
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Fig. 2. Antisense morpholino oligonucleotides inhibit in vitro translation of xPitx3. The
specificity of xPitx3 morpholinos (xPitx3-Mo) was examined by Retie Lysate in vitro
translation system (Ambion), and radiolabeled products were analyzed on SDS-PAGE
gels. xPitx3-Mo did not affect the translation of xPitx3 mRNA lacking the xPitx3morpholino-equivalent site (Lane 1). Lane 2 revealed that the Pitx3 construct containing
the xPzLd-morpholino-equivalent site was synthesized in the absence of xPitx3-Mo.
Translation of xPitx3 was blocked in the presence of xPitx3-Mo at 18 and 36 ng (Lane 4
and 5 respectively), but not by a standard control oligonuleotide (Lane 3). xPitx3 is
synthesized in the absence of the xPitx3 morpholino (xPitx3-Mo). Co-translation of GFP
was unaffected by xPitx3 Morpholino.
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Fig. 3. Whole-mount in situ hybridization shows the effects of over-expression of xPitx3
and xP/fcd/engrailed repressor chimeric RNAs (.xPitx3-EnR), as well as xPitx3
morpholino oligonucleotides (xPitx3-Mo) on the expression of eye-marker genes. The
un-injected side of embryos (left side) was used as a contralateral control to compare the
gene expression changes in the injected side. Anterior view of embryos microinjected
with xPitx3 wild-type RNA analyzed at the early (A, D, G, J, M) and later (A’, D’, G’, J’,
M') stages of development. The expression patterns (anterior view) of these genes at both
the early (B, E, H, K, N) and late stages (B’, E’, H’, K’, N’) were examined upon over
expression of xPitx3/engrailed repressor chimera. Microinjection of xPitx3-Mo revealed
similar effects on eye marker genes in their early (C, F, I, L, O) and later (C \ F \ I’, L’,
O’) expression as demonstrated by xPitx3-EnR over-expression. (Q) Lateral view of
tailbud stage embryo showing the effect of the xPitx3-EnR over-expression on Xenopus
fi-f31 Cyrstalline expression domain. (P) The uninjected control side of the same embryo
(lateral view). An increase and reduction of the expression domains of examined genes
are shown with black and white arrowheads, respectively.

Fig. 4. Animal cap explant induction by xPitx3, Lensl, and Pax6. Uninjected animal
caps probed with Xbra demonstrate the absence of mesoderm since the pan-mesodermal
marker fails to hybridize (A). However, injection of xPitx3 transcript results in the
induction of Pax2, Rxl, Lensl, and Six3 but not Pax6 (Figs. 8B-F). Similarly, xPitx3 injected embryo explants express the anterior markers XCG (cement gland), /3-B1
Crystallin (lens), and Otx2 (retina, brain) (Figs. 8G-I). Both Lensl and Pax6 injected
embryo explants induce xPitx3 (Figs. 8J, K respectively).
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Fig. 5. Reciprocal transplantation of lens ectoderm verifies the significance of xPitx3
during eye development. The schematic diagram illustrates the procedures involved in
the transplantation of the presumptive lens ectoderm (PLE) between wild-type and xPitx3
morpholino injected embryos and vise versa. Inhibition of endogenous xPitx3 prevented
eye development in normal embryos grafted with PLE containing xPitx3-Mo (A, A5).
Wild-type PLE rescued eye formation in xPitx3-Mo injected embryos (B, B’).
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CHAPTER FOUR
XPITX3 PLAYS A ROLE IN LEFT-RIGHT AND AXIAL PATTERNING

SUMMARY
Midline structures and their signalling molecules likely establish barriers to prevent
diffusion of important asymmetrical signals required for proper left-right development.
The establishment of laterality may be closely coordinated with patterning along anteriorposterior and dorsal-ventral axes. Recent studies reveal that common mechanisms,
including the Shh signalling pathway, direct asymmetric organ and dorsal axis formation.
Overexpression of xPitx3 results in cyclopia which is indicative of anterior midline
defects. Interestingly, misexpression of xPitx3 also leads to situs inversion of developing
heart and gut and is frequently associated with truncation as well as bending of dorsal
axis. Loss-of-function studies demonstrate that inhibition of xPitx3 results in the loss of
Shh, and BMP7 expression. Moreover, ectopic expression of xPitx3 and xPitx3-Mo
interrupt somite patterning assessed by desmin, troponin C and creatine kinase,
suggesting that correct spatiotemporal expression of xPitx3 is required for somitogenesis.
Microarray analysis reveals that the xPitx3 pathway may interact with those of Xnr3,
Hox-IA and hairy2, genes involved in segmentation and positional identification of
somites. Together, these preliminary results suggest that xPitx3 plays a role in left-right
as well as somite development.
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INTRODUCTION
The expression of xPitx3 is not solely restricted to tissues fated to form eye: its
expression is also seen in lateral plate mesoderm, differentiating somites, craniofacial
regions, and in the looping heart and gut. Although the main focus of this project was to
elucidate the mode of action and importance of this gene to lens induction, we noticed
several other defects following misexpression of xPitx3 that indicated it may play diverse
roles, particularly during paraxial mesoderm segmentation and during the development of
organ asymmetries. For example, when we manipulated xPitx3 expression, we frequently
observed eye, craniofacial, and the laterality phenotypes reminiscent of Shh mutant mice.
Sonic hedgehog is a secreted protein that is expressed along the entire axial
midline and is involved in patterning of the brain, spinal cord, the axial skeleton, and the
limbs (Echelard et a l, 1993; Ericson et al., 1995; Roelink et al., 1995). Targeted
disruption of Shh in mice reveals that prechordal mesoderm-derived Shh plays a critical
role in patterning of the forebrain and eye structures: mutant mice fail to form the ventral
forebrain and develop cyclopia (Chiang et al., 1996). Cyclopia is a consequence of the
impaired function of several genes such as Shh, cyclops, one-eyed pinhead, Zic2, and Sil,
but a unifying theme appears to be that several of these genes are also crucial for midline
integrity.
In addition, we noticed that the development of organ asymmetries was either
randomized or impaired in embryos where xPitx3 activity had been manipulated. Recent
studies in mice indicate that Shh also plays a role in left-right asymmetry, as Shh'1' mice
lack floorplate (the neural epithelium underlying the developing neural tube), and
displayed randomized heart looping and embryonic turning (Tsukui et al., 1999). In
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these mutants, the coincidence of cyclopia and laterality defect is believed to be the
consequence of loss of midline barriers and signal integrity.
In chicks, Shh also directs Nodal expression in the lateral plate mesoderm through
intermediate signals presumably derived from the paraxial tissue adjacent to the midline
(Levin et al., 1995; Pagan-Westphal and Tabin, 1998). Caronte (Car) is a member of the
Cerberus/Dan gene family and encodes a secreted protein that mediates the Shh
signalling pathway during induction of left-specific genes in the lateral plate mesoderm
(Rodriguez-Esteban et al., 1999). Car is activated by Shh on the left side and is
repressed by fgf8 on the right side of the chick embryo. On the left side, Car may
function upstream of Nodal by binding to BMP proteins and antagonizing their repression
of Nodal transcription (Hsu et al., 1998; Rodriguez-Esteban et al., 1999). In Xenopus,
overexpression of BMPs on the left side of embryos inhibits nodal expression and
randomizes L-R development (Ramsdell and Yost, 1999).
Despite uncertainties in mechanisms regulating Nodal expression, it is generally
accepted that Nodal acts as a relay signal to initiate asymmetry in the lateral plate
mesoderm among various model organisms (reviewed in Capdevila et al., 2000; Burdine
and Schier, 2000). Interference with Nodal expression in the left lateral plate mesoderm
or its misexpression on the right side of the embryos both lead to situs abnormalities,
suggesting that Nodal plays a critical role in coordinating development of the left-right
axis (Levin et al., 1995; Collignon et al., 1996; Lowe et al., 1996; Levin, 1997; Sampath
et al., 1997). Nodal activates its own transcription as well as that of lefty2 and Pitx2 in
the left lateral plate mesoderm. Following its expression, lefty2 protein acts to antagonize
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Nodal action through competitive binding to Activin transmembrane receptors (reviewed
in Schier and Shen, 2000).
The paired-Mke, homeobox gene Pitx2 is another immediate downstream target of
Nodal signalling (Logan et al., 1998; Ryan et a l, 1998; Yoshioka et al., 1998; Campione
et al., 1999; Gage et al., 1999; Lin et al., 1999; Essner et al., 2000; Schweickert et a l,
2000). Similar to Nodal and lefty2, Pitx2 is expressed in the left lateral plate mesoderm,
however, its expression persists through asymmetric organ development and it is detected
in precardiac mesoderm as well as gut primordia (Campione et a l, 1999; Gage et al,
1999; Lin et a l, 1999; Logan et a l, 1998). Ectopic expression of Pitx2 results in
laterality defects in many species (Logan et a l, 1998; Ryan et al, 1998; Campione et a l,
1999; Essner et a l, 2000). These results are consistent with knock out studies in mice
where Pto2-deficent mice reveal a number of laterality defects including pulmonary
isomerism (asymmetric dispositioning), suggesting Pitx2 acts as left determinant (Gage et
a l, 1999; Kitamura et a l, 1999; Lin et a l, 1999; Lu et a l, 1999).
In addition to precise temporal and spatial expression of the genes implicated in
establishment of left-right asymmetry, molecular repressors also play an important role to
restrict asymmetric signalling molecules to their expression domain. For example, lefty 1
is expressed in the left side of the node and in the prospective floor plate, and it acts as a
molecular barrier for Nodal signalling (Meno et a l 1996; Meno et al 1997).
Additionally, embryonic midline structures may function as physical barriers that help to
regulate asymmetric gene expression and subsequent asymmetric morphogenetic
processes (Goldstein et a l, 1998; Yost, 1998; Roessler and Muenke, 2001).
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Given that xPitx3 is not expressed asymmetrically during early left-right
patterning, laterality defects suggest that xPitx3 may play a role in midline development
or integrity. Moreover, xPitx3 and xPitx3-Mo injected embryos frequently exhibited
similar axial defects including a bent dorsal axis which may be indicative of abnormal
migratory behavior and/or proper patterning of the axial mesoderm.
Precise segmentation of the paraxial mesoderm is critical for proper rostral-caudal
patterning of dorsal axis. During somitogenesis, somites develop successively at
controlled time intervals into regularly spaced segments (Cooke, 1998). Somites form
major axial structures including the vertebrae, intercostal muscles and the dermis. In
Xenopus, somitogenesis is initiated during late neurulation (stage 17; Nieuwkoop and
Faber, 1967) and proceeds in a rostral to caudal fashion (Hamilton, 1969). At the rostral
end, the premyotomal cells elongate and align side by side along the midline. During
segmentation, somites are formed sequentially in pairs as the paraxial mesodermal cells
rotate (90°) with their long axes positioned in parallel to the notochord, a rod-like
structure derived from axial mesoderm (Hamilton, 1969; Youn and Malacinski, 1981).
In Xenopus, somites consist of a population of differentiated and mononucleated
myotomal cells (Youn and Malacinski, 1981). Once they are segmented, somites are
partitioned into dorsal and ventral segments. The ventral portion of the somite forms
sclerotome which differentiates into the axial skeleton and expresses the muscle specific
transcription factor MyoD. Cells in dorsal region remain epithelial and develop into the
dermomyotome. Subsequently, the dermomyotome differentiates into the myotome,
forming muscle cells, and the dermatome gives rise to dermis (reviewed in Brent and
Tabin, 2002). In contrast to mice and chicks, myotome forms a large portion of the
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somites in Xenopus and only a small number of sclerotomal cells are formed in the early
tailbud embryo. Furthermore, Xenopus dermatome does not become fully segmented and
it remains sheet-like under the dorsal epidermis (Hamilton, 1969).
Despite these differences, vertebrates seem to use similar general mechanisms to
pattern the paraxial mesoderm into somites. In Xenopus, the mesoderm precursors are
believe to exist as two circumferential bands one in the animal and the other in vegetal
parts of the marginal zone. The animal portion develops into the dorsal mesodermal
structures including somites. During gastrulation, the mesodermal cells involute and later
they differentiate in a rostral to caudal progression forming the notochord, somites, and
lateral mesoderm. The organizer is considered to be an important source for directing
somitogenesis. Moreover, secreted factors such as noggin, chordin, follistatin and Xnr3
display somite-inducing effects on the mesoderm, presumably by blocking BMP
signalling (Harland and Gerhart, 1997; Weinstein and Hemmati-Brivanlou, 1999;
Harland, 2000). Nonetheless, other surrounding tissues such as the lateral mesoderm, the
notochord and the neural tube appear to mediate the segmentation of somites. The lateral
plate appears to affect initial specification of somitic tissue, with an inhibitory effect on
somite development likely mediated by BMP4 (Tonegawa, et a l, 1997). Manipulation of
BMP activity at the gastrula stage affects rostral/caudal patterning of the marginal zone,
and thus alters the developmental timing of mesoderm differentiation.
The notochord and floorplate direct induction and maintenance of the sclerotome
through ventral midline expression of Shh (Dietrich et al., 1997; Pourquie et a l, 1993;
Fan et a l, 1994; Johnson et a l, 1994). Furthermore, Shh as well as Wnts, secreted
signalling molecules derived from the dorsal neural tube and surface ectoderm, are
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required for myotome formation (Dietrich et a l, 1997; Munsterberg and Lassar, 1995;
Brent and Tabin, 2002).
To elucidate the role of xPitx3 in left-right and dorsal axis patterning, we
undertook three preliminary studies in order to identify mechanisms and molecular
players underlying additional the xPitx3 defects observed. Initially, we made a
preliminary survey of some of the genes known to play a role in laterality and midline
development, with a special emphasis placed upon genes that are also known to play a
role in eye morphogenesis. These genes were employed as markers to assess the
possibility that xPitx3 was acting through established genetic pathways. Some of the
markers used in this effort included Xenopus Shh, Nodal (Xnrl), and lefty (Xatv).
Secondly, we utilized a RT-PCR-mediated subtractive cloning experiment to
clone cDNAs that underwent changes in expression as a consequence of xPitx3
misexpression. It was anticipated that the clones obtained could be rapidly screened by
the sequencing, and that candidates with interesting associations could then be tested by
riboprobe in situ hybridization to confirm their susceptibility to xPitx3 misexpression.
Knowing that the candidate genes might not represent direct targets of xPitx3 activity, we
predicated that they would help us to identify signalling pathways that are affected.
Lastly, we commenced a preliminary examination of stage-specific changes in
gene expression wrought by xPitx3 by means of microarray analysis. We elected to
examine two specific stages - an early neural specification/differentiation stage, and a
lens-induction stage - to elucidate some of the players likely to be mediated by xPitx3
activity.
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Our preliminary results suggest that xPitx3 may play a role in laterality by
mediating genes that are implicated in midline development or integrity: misexpression
of xPitx3 has no apparent effect on the expression patterns of Xnrl and Xatv, however,
manipulation of xPitx3 activity results in the loss of Shh expression, a gene that is
implicated in laterality, and midline integrity. Shh is also coexpressed with BMP7 in
prechordal mesoderm and is required for induction of rostral diencephalic ventral midline
cells (Dale et al., 1997). Furthermore, BMP7 is expressed in visceral endoderm,
notochord, kidney, bone as well as in developing eye and heart (Dudley and Robertson,
1997). Since xPitx3 expresses in the lateral domains of prechordal plate, we employed
Shh and BMP7 as probes to assess the development of midline-sensitive elements and its
effects on midline signalling.
Furthermore, the preliminary microarray analysis identifies several candidates
that mediate somitogenesis. Particularly, xPitx3 appears to affect genes involved in
spatiotemporal segmentation of the paraxial mesoderm, namely Xnr3, hairy2, and Hox1A. Perhaps indirectly, but no less important, we identified four markers of
somitogenesis including filamin, desmin, creatine kinase, and a troponin C variant, which
were differentially expressed upon xPitx3 misexpression. Together, gain- and loss-offunction studies reveal that perturbed xPitx3 function alters both the structure and timing
of somite segmentation, suggesting the gene may play a role in somitogenesis, and in
establishing conditions necessary for laterality.
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MATERIALS AND METHODS
Embryo Preparation
Xenopus laevis embryos were obtained by in vitro fertilization. Jelly coats were
removed with 2% cysteine solution (pH 7.8; Drysdale and Elinson, 1991) and embryos
were cultured as previously described in 0.1% Modified Bart’s Saline. Developmental
staging was according to Nieuwkoop and Faber (1967). Animals were reared and used in
accordance with University, Provincial, and Federal regulations.
Microinjection
Capped sense RNAs for xPitx3 and xPitx3-EnR were synthesized from linear
constructs as described in chapter 3 using the Ambion message Machine kit. mRNA or
morpholino was resuspended in dctt^O and injected into embryos with a Drummond
nanoinjector. Xnrl capped RNA was synthesis from a linearized plasmid cut with Noil
using Sp6 RNA polymerase (Gene Bank Accession # U29447). Injections were made
into the animal pole of embiyos at either the 1-cell or 2-cell stages. Injected embryos
were cultured in 0.1 X MBS and 2% Ficoll-400 (Sigma) at 12 °C for at least 1 hr to allow
healing before being removed and allowed to develop at room temperature. When
injected embryos were intended for comparisons of one treatment to a control, the
embryos were injected in one blastomere at the 2-cell stage with the transcript of interest
and GFP marker for identification of the side of injection. The contra-lateral side served
as a control.
Whole-mount in situ Hybridization
In situ hybridizations were performed on embryos coinjected with GFP mRNA
(200 pg) and xPitx3 (150 pg) or xPitx3-EnR mRNAs (150 pg) according to established
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protocols (Harland, 1991). Digoxigenin labeled antisense riboprobes for xShh (kind gift
of Dr. T. Drysdale), xBMP7 (Dudley and Robertson, 1997), neural fi-tubulin (Richter et
al., 1988), Xnrl (Jones et al., 1995), Xatv (Cheng et al., 2000) were generated from
linearized plasmids using digoxygenin labeled riboprobes. Antisense RNA probes for
xPitx3 was synthesized by using T7 RNA Polymerase from pBK-CMV constructs
containing the full-length cDNA for these genes, linearized with EcoRI.
Histological Procedures
Embryos which were subject to whole-mount in situ hybridization were
embedded in 5% agarose, and sectioned vertically or horizontally using a vibratome
(Leica VT 1000S). All sections were 30 pm thick. To visualize the cell nuclei of the
somites, injected embryos were post-stained with 5 gg/ml Hoechst 33258 (bisbenzamide) in 100% methanol for one hour following whole-mount in situ hybridization.
After sectioning, the nuclei were visualized under filtered UV light and photographed.
Subtracted cDNA Library Construction and Screen
Xenopus embryos were either injected with xPitx3 (pM46,150 pg) or xPitx3-EnR
(pM 64,150 pg) capped mRNAs at one-cell stage. 1 ml of RNAwiz isolation reagent
(Ambion) was used to homogenize every 25 embryos at stage 14,18,20,25,27, 32, 34,
and 39 (total of 200 embryos). Subsequently, chloroform (0.2x of total volume) was
added to each lysate solution, vortexed and incubated at room temperature for 10
minutes. Each mixture was centrifuges at 10000 x g for 15 minutes at 4°C. The colorless
upper aqueous phase for each stage was pooled and total RNA was precipitated by adding
an equal volume of isopropanol and centrifuging at 10000 x g for 15 minutes at 4°C. The
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RNA pellet was resuspended and passed over a Poly (A) Pure mRNA column and Poly
adenylated RNA was then purified (Ambion).
Tester and driver double stranded cDNAs were prepared from the two mRNA
samples purified from xPitx3 and xPitx3-EnR injected embryos respectively. cDNA
synthesis, subtractive hybridization and PCR-based cDNA subtraction were performed
utilizing Clonetech PCR-Select cDNA Subtraction kit according to manufacture’s
instructions. Differentially expressed cDNAs were amplified employing Advantage 2
PCR Enzyme System (Clontech) optimized for Clontech subtractive cloning system.
Differential screening of the subtracted cDNA library was performed by dot blot analysis.
Dot blot arrays of clones from the subtracted library were hybridized with 32P-labeled
probes from either tester or driver populations to eliminate false positives (Molecular
Cloning, 2nd edition).
Microarray Analysis
Embryos were injected with 18 ng of xPitx3-Mo or control morpholino at the one
cell stage and were then allowed to develop to stage 19 or 27. Total RNA for each
treatment was isolated from embryos at stage 19 (30 embryos) and at stage 27 (15
embryos). The experiment was performed in replicate. 1 ml of TRIzol reagent
(Invitrogen) was used to homogenize 15 embryos for 5 minutes in room temperature.
Next, 200 pi of chloroform was added to the mixture, vortexed and incubated 10 minutes
at room temperature. An aqueous layer containing total RNA was isolated following
centrifugation (10,000 x g) at 4°C. An equal volume of 70% ethanol was added to the
cleared lysate and total RNA was purified using RNeasy mini spin columns (Qiagen)
according to provided protocols. Hybridization and scanning were performed as a
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service at London Regional Genomics Facility (Robarts Research Institute), University of
Western Ontario. The Xenopus laevis Affymetrix oligonucleotide array used in these
experiments represent approximately 14,400 gene transcripts, including 3,500
characterized genes and 10,400 EST based gene clusters. The Xenopus array contains 16
probe pairs per probe set: each pair consists of a perfect match and a reference mismatch
oligonuleotide. Each Affymetrix probe set represents a specific gene transcript and
consists of multiple 25 mer oligonuleotides.
RESULTS
xPitx3 Induces Laterality Defects
The expression patterns of xPitx3 during Xenopus heart and gut development
together with its similar effects to midline defects on eye malformation consequent to its
misexpression suggested the possibility that xPitx3 may interact with the Shh pathway to
regulate asymmetric heart and gut looping. To test this hypothesis, we analyzed the
effects of xPitx3 overexpression (300 pg) on left-right asymmetry of tadpoles at stage 4247 for internal morphology (Table 1).
During early embryogenesis, the vertebrate heart derives from a linear tube which
then loops in asymmetric fashion. By stage 46, the Xenopus primitive heart tube folds
such that the outflow tract is positioned in the right anterior aspect of the ventricle in a
leftward direction (Nieuwkoop and Faber 1967). Concurrently, the small intestine of
Xenopus embryos coils in a counterclockwise direction along the ventrolateral walls of
the abdominal cavity. Coiling of intestine proceeds medially in a counterclockwise path,
forming a S-shape structure which will eventually contact the large intestine (Branford et
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al., 2000). The stomach is located on the left, while the pancreas, the liver, and the
gallbladder are shifted to the right side of the body.
Overexpression of xPitx3 (300 pg) at the one-cell stage resulted in a complete
mirror-image reversal of the heart (situs inversus) and in severe cases, it impaired proper
heart looping at a frequency of 14% and 18% (n=560) respectively. In addition, it led to
aberrant gut morphologies, including reversed gut (13.6%, n=560), partial or total failure
in gut looping (13%, n=560) as well as situs inversus of abdominal organs (13.6%,
n=560) such as the stomach, intestines, the liver, and the gallbladder. Similarly,
coinjection of xPitx3 (300 pg) with GFP RNA (200 pg) at the two-cell stage embryos
resulted in the randomization of heart and gut looping in the mutant embryos regardless
of the side in which it was misexpressed (compare Fig. 2B & D to control A & C; data
summarized in Table 1). Nevertheless, left-side misexpression of xPitx3 showed higher
laterality defects (31% heart defects and reversal, 38% gut looping defects, n=206)
compared to right-side overexpression (22% and 31% of heart and gut laterality defects
respectively, n=217). Additionally, ectopic expression of xPitx3 on the left side of the
body led to complete situs inversion of asymmetrical organs such as the stomach, the
liver, the gut coil, and the gallbladder twice as frequently as embryos injected with xPitx3
in the right side (12%, n=206 and 6%, n=217; respectively). To assess the effect of
xPitx3 on genes implicated in the left-right asymmetry, we performed whole-mount in
situ hybridization using Xenopus homolog of Nodal {Xnrl) and lefty (Xatv) as probes.
Our results suggest that ectopic expression of xPitx3 has no apparent effects on these
genes. Furthermore, ectopic expression of Xnrl did not affect the expression patterns of
xPitx3.
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Inhibition of xPitx3 Disrupts the Left-Right Asymmetry
xPitxS inhibition by means of either xPitx3-EnR or xPitx3-Mo has the effect of
randomizing situs. Injection of xPitx3-Mo affects the asymmetry of heart and gut
development at a higher frequency than those induced by ectopic xPitx3. For example,
microinjection of xPitx3-Mo (18 ng) resulted in aberrant heart and gut looping (52% and
53% respectively, n=51). xPitx3-Mo induces heart and gut abnormalities in a dose
dependent manner with one exception: embryos injected with xPitx3-Mo (15 ng) show
higher percentage of unlooped gut (68%, n=186) compared to those injected with 18 ng
of xPitx3-Mo (43%, n=51; data summarized in Table 1). We have observed that higher
doses of xPitx3-Mo dramatically decrease survival rates for mutant embryos before they
reach tadpole stage. Thus, tadpoles with severe gut and heart malformation may have
been lost prior to scoring. Strikingly, xPitx3-Mo also results in complete situs inversion
of internal organ at a frequency comparable to embryos injected with xPitx3 (12%).
Overexpression of xPitx3-Mo on the left side of the embryo appears to be more effective
at least with respect to gut looping (Larry Jacobs, unpublished undergraduate thesis). We
performed whole-mount in situ hybridization to analyze the effects of xPitx3-EnR on Shh
expression. The results showed that overexpression of xPitx3-EnR inhibits the expression
of Shh on the injected side along the anterior-posterior body axis and in anterior
structures of the presumptive head and brain at neural stage (Fig. 2E). Similarly, the
expression pattern of BMP 7 in heart primordia is also depressed by expression of the
chimeric construct (Fig. 2F).
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Misexpression of xPitx3 Perturbs Dorsal Axis Formation
Ectopic expression of xPitx3 also results in reduced trunk and tail structures, bent
axis, and in severe cases led to duplication of axis as assessed by the expression of neural
[Ptubulm (data not shown) in a dose dependent manner (Fig. 3B, C, D and E; outlined in
Table 2). The most potent effect of ectopic xPitx3 on anterior-posterior axis formation is
observed at 100 pg. At this dose, 93% of mutant embryos show significant reduction in
their dorsal axis, 63% of injected embryos display bent axis and 50% of the embryos
develop supernumerary axes (n=212). Embryos injected with GFP mRNA (100 pg) did
not reveal any significant axial defects (data not shown). Similarly, injection of xPitx3Mo (18 ng) resulted in bent and truncated axes (58% and 26%, n=89; respectively), but
none of the embryos developed duplicated axis (Table 2). Both bent and truncated dorsal
axes following xPitx3-Mo injection appear to be dose-dependent. Embryos injected with
control morpholino revealed only a low percentage of axial deformities.
Identification of Differentially Expressed Genes by Subtractive Screen
To determine potential downstream effectors or signalling pathways affected by
xPitx3, we performed subtractive hybridization and isolated clones which were
differentially expressed in embryos injected with xPitx3 and xPitx3-EnR mRNAs. In this
study, we utilized diverse stages of embryos as RNA source material - the intention was
to cast as broad a net as possible in order not to bias the selection of clones unduly by
presupposing the critical stages. Among sequenced clones, we were able to identify a
number of uncharacterized EST clones as well as desmin (Gene Bank Accession #
X76842), fast skeletal troponin C, and creatine kinase, genes previously identified on the
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basis of their involvement in somitogenesis (Yuasa et a l, 1998; Toyota, 1993; Robert et
al., 1990).
Misexpression of xPitx3 Affects the Expression of Somitic Markers
The gain- and loss-of-function experiments reveal that misexpression of xPitx3
alters the expression of somite-specific markers including desmin, troponin C, and
creatine kinase (collaborative work with Sarah Brode, undergraduate thesis project).
Although the spatial expression patterns of these genes have not been fully characterized
in Xenopus, whole-mount in situ hybridization reveals that the expression patterns of
these genes are conserved among frogs and zebrafish during somitogenesis (Xu et a l,
2000). In zebrafish, desmin (desm) is detected in the paraxial mesoderm prior to
segmentation of somites, while troponin C (tnnc) is expressed shortly after each somite is
formed. Creatine kinase (ck) is activated shortly after each somite is formed and its
expression overlaps those of desmin and troponin C in differentiating somites at the late
tailbud stage (Xu et a l, 2000).
Ectopic expression of xPitx3 seems to downregulate the expression of desmin in
the paraxial mesoderm and the somites on the injected side of the embryos (Fig. 4 A).
The vertical sections of the embryos also demonstrate that the expression of this gene is
reduced dorsoventrally and expanded mediolaterally (Fig. 4 B). Overexpression of
xPitx3 results in similar effects on troponin C expression: it decreases the expression of
troponin C in the segmented somites and alters the shape of somites - they appear shorter
and wider (Fig. 4 C and D). Although xPitx3 overexpression results in shortening of the
somites along their long axis, however, the expression levels of creatine kinase remains
unaffected (compare Fig. 4 E to the contra-lateral side G; Fig. 4 F). Strikingly, inhibition
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of xPitx3 by means of injecting xPitx3-Mo also suppresses the expression of desmin,
troponin C, and creatine kinase on the injected side of the embryos (Fig. 4 A’, C’, and
E’). The vertical histological sections also reveal a significant decrease in the expression
levels of these genes as well as a reduction in the length of developing somites (Fig. 4 B’
and D’). Despite these striking similarities, however, the somites appear less defined
upon xPitx3 inhibition (compare Fig. 4 E’ to G’).
Misexpression of xPitx3 Impedes the Organization of the Somites
To assess the effect of xPitx3 overexpression and inhibition on somitogenesis,
injected embryos were subject to whole-mount in situ hybridization and stained with a
nuclear dye (Hoechst) to visualize the structure of the somites in more detail
(collaborative work with Sarah Brode, undergraduate thesis project). Horizontal sections
of embryos injected with xPitx3 reveal that xPitx3 overexpression does not prevent
somitogenesis and the paraxial mesoderm segments in a tardy and less coherent manner.
Nevertheless, the somitic boundaries do appear, but they are poorly articulated, fewer
somites are formed, and the somitic cell nuclei are not aligned properly compared to
contra-lateral uninjected side (Fig. 5A and A’). Similarly, inhibition of xPitx3 by means
of morpholino translational knockdown results in the disorganization of somites and
delays somitic segmentation: caudally, somites are less defined, fewer somites are
formed, and their cell nuclei are not appropriately arranged mediolaterally (Fig. 5B and
B’).
Microarray Analysis
To elucidate some of the players likely to mediate xPitx3 activity, we employed
microarray analysis and investigated the effect xPitx3 inhibition on characterized and
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novel genes as well as EST based gene clusters available on the Affymetrix Xenopus
array. Our preliminary analysis indicated that among many uncharacterized EST
sequences, inhibition of xPitx3-Mo appears to repress the expression of an EST sequence
comparable to human actin-binding proteins, filamin C by three fold (Gene Bank
Accession # BJ082817). Furthermore, the results demonstrated a 2 fold decrease in
Xenopus Hox-IA (X62053.1), a gene implicated in normal development of the segmented
somite pattern in early embryos (Harvey and Melton, 1988). Inhibition of xPitx3 also
appears to affect the expression of genes involved in the segmentation clock during
somitogenesis: it results in downregulation of Xnr3 (a gene upstream of dishevelled and
axin2; Gene Bank Accession # U25993.1) by three fold and lead to a 3.8 fold increase in
expression levels of hairylb (AF0227). Essentially, hairy2 and Axin2 represent opposing
sides of the segmentation clock (Pourquie, 2003).
DISCUSSION
Overexpression and Inhibition of xPitx3 Results in Laterality Defects
Laterality anomalies seem to be another effect of xPitx3 overexpression and
inhibition. Irrespective of which side xPiix3 is injected, we observe cardiac situs inversus
and reversed gut looping in 32% and 46% of embryos, respectively. Curiously, if
embryos were unilaterally injected at the two-cell stage, situs inversus occurred more
frequently when embryos were injected on the left side. For example, ectopic expression
of xPitx3 on the left side results in 15% reversed heart and 18% reversed gut looping,
while it causes 7% reversed heart and 14% reversed gut looping when it is injected on the
right side (Table 1). This suggests that a normal role of xPitx3 might be to specify right
specific attributes during development. Alternatively, situs inversion could also be
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ascribed to long-lived right-injected xPitx3 mRNA inducing right side effects of the
normally left-restricted Pitx2. Nevertheless, xPitx3 exhibits asymmetrical expression
during gut looping, which may explain the higher incidence of situs inversion of gut
compared to heart laterality defects. Given that xPitx3 is symmetrically expressed in the
lateral plate mesoderm at stage 34, the results may suggest that xPitx3 may require a
right-restricted partner. Furthermore, if xPitx3 activity is temporally and spatially
regulated either by differential splicing/promoter usage, post transcription stability, or
post translational modification, a left-injected xPitx3 mRNA might ectopically initiate the
late and right-restricted effect of endogenous xPitx3.
Strikingly, loss-of-function studies by means of the repressor chimera of xPitx3 or
xPitx3-Mo revealed substantially the same effect when xPitx3 function was suppressed
on either the left or right side. These results confirm the specificity of xPitx3
involvement in laterality. Since xPitx3 is expressed in the lateral plate mesoderm
(Pommereit et al., 2001), and we have not detected any early stage expression of the gene
specific to the right side of embryos, our results may indicate that symmetric expression
of xPitx3 is required for the left-right patterning. To test this hypothesis, we utilized
gain- and loss-of-function experiments to identify the effect of xPitx3 concerning genes
implicated in Xenopus laterality. Overexpression studies demonstrated that xPitx3 does
not induce ectopic expression of Xnrl, a Xenopus homolog of Nodal, or the lefty-related
factor Xatv. Similarly, ectopic expression of Xnrl did not alter the expression patterns of
xPitx3. The results suggest xPitx3 may not be directly involved in the Nodal laterality
signalling pathway during early patterning of left-right axis development.
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xPitx3 May Affect Laterality By Modulating Midline Signals
Left-right body asymmetry also depends upon the formation of midline structures
such as the paraxial mesoderm (somites), notochord, and the floor plate, which in turn act
as a barrier to control contralateral spread of asymmetric gene products. Surgical
removal of the midline from Xenopus embryos confirms that it plays a critical role in leftright patterning prior to the neural tube formation (Danos and Yost, 1996, Lohr et al.,
1997). Additionally, partitioning of left from right is likely partly controlled by
molecular repressors including lefty1 along the midline as well as Shh signalling pathway
(Agarwala et al., 2001; Branford et al., 2000; Pagan-Westphal and Tabin, 1998).
Overexpression of xPitx3 results in mutant embryos with severe defects in the
forebrain, craniofacial structures, and the eyes, similar to those observed in cyclops
mutant embryos in chick, zebrafish, and mice (Ahlgren and Bronner-Fraser, 1999;
Chiang et al., 1996; Hatta et al., 1991; Macdonald et al., 1995). In these mutants, Shh
signals essential for proper establishment of ventral midline of the brain are absent,
resulting in fusion of the optic vesicles. Previous studies have shown that Shh is also
responsible for the patterning of developing gut (Sukegawa et a l, 2000) and regulation of
the left-right asymmetry in chick, mice, and zebrafish (Levin et a l, 1995; Levin and
Mercola, 1998; Tsukui et al., 1999). In addition, misexpression studies have shown that
Shh regulates the expression of Pitx2 which is implicated in late stages of left-right
development (Ryan et al., 1998).
Inhibition of xPitx3 appears to suppress the expression of Shh on the injected side.
Overexpression of xPitx3-EnR reveals that Shh is down-regulated along the anteriorposterior body and eminently in anterior structures of the presumptive head and brain at
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neural stage (Fig. 2E). Moreover, BMP7 is impaired in the presumptive heart region on
the injected side of the embiyo by the xPitx3 repressor construct (Fig. 2F). Although no
laterality defects have been reported associated with BMP7 misexpression, perturbation
of other family members such as BMP2 and BMP4 have shown to affect the laterality of
heart looping morphogenesis (Breckenridge et al., 2001; Zhang and Bradley, 1996).
These results suggest that one role of xPitx3 at early stages of development may be to
mediate the activity of midline signalling molecules such as Shh and other genes (BMPs):
midline patterning seems critical to both eye development and laterality.
Alternatively, xPitx3 may indirectly affect the expression of midline signals
including Shh by influencing midline development or integrity. In Xenopus, an alteration
of dorso-anterior structures including but not exclusive to the notochord is associated
with loss of cardiac left-right orientation, suggesting that the mechanisms underlying
laterality are linked to normal development of dorsal structures (Danos and Yost, 1995).
xPitx3 Plays a Role During Somitogenesis
In vertebrates, somitogenesis commences coincidently with the establishment of
organ laterality. During neurula stage, xPitx3 is transiently detected in the unsegmented
anterior paraxial mesoderm at stage 17, and later it is expressed in a banded pattern in
myotome as somites undergo terminal differentiation at late tailbud stage (see chapter 2).
Ectopic expression of xPitx3 or xPitx3-Mo affects anterior-posterior axis formation in a
dose dependent manner: It results in severe reduction and bent in dorsal structures (Table
2, Fig. 3B, C). Frequently, overexpression of xPitx3 also results in a secondary axis
formation (Fig. 3 D and E). Expression studies as well as gain- and loss-of-function

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter Four

The Role of xPitx3 in Body Patterning

studies suggest that xPitx3 may play a role during somitogenesis (Chapter 2; Semina et
a l, 1998; Table 2).
Subtractive cloning screens and the ensuing whole-mount in situ hybridization
studies indicate that misexpression of xPitx3 affects the expression of presomitic as well
as early and late somite markers genes, desmin, troponin C, and creatine kinase,
respectively. Intriguingly, inhibition of xPitx3 by means of xPitx3-Mo injection reduces
the expression of desmin, troponin C, and creatine kinase, while overexpression of xPitx3
only affects the expression levels of desmin and troponin C. Although the expression
levels of creatine kinase appear unaffected in xPitx3 injected embryos, nevertheless the
somites appear smaller compared to contra-lateral uninjected side. The early expression
patterns of xPitx3 in combination with overexpression studies may suggest that the
precise temporal and spatial expression of the gene is crucial for somitogenesis: both
gain- and loss-of-function experiments result in axial defects and somitic segmentation.
xPitx3 May Influence the “Segmentation Clock” During Somitogenesis
We noticed that misexpression of xPitx3 results in severe disorganization of the
somitic tissues, particularly in caudal regions of the paraxial mesoderm where new
somites develop. Histological sections of Hoechst-stained (nuclei stain) embryos injected
with xPitx3 and xPitx3-Mo reveal that ectopic expression and inhibition of xPitx3 impede
the timing and structures of somites (collaboration with Sarah Brode, undergraduate
thesis). Somitogenesis is temporally retarded, and the somites appear to be shortened
dorsoventally and expanded mediolaterally. Given that manipulation of xPitx3 activity
downregulates, but does not diminish the expression of the three somite-specific genes,
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this may indicate that xPitx3 plays a role in the temporal and spatial patterning of the
paraxial mesoderm.
Metamerism models propose that the periodicity of somite formation is driven by
an internal “segmentation clock” (Cooke, 1998; Stem and Vasiliauskas, 2000). This
molecular clock is believed to direct somitogenesis by generating waves of
transcriptional activities that progress across the presomitic mesoderm (PSM). The
periodic activation of Notch signalling results in formation of the regular array of somitic
boundaries and is required for repeated expression of basic helix-loop-helix hairy-like
transcriptional factors in the PSM (Jouve et al., 2000). In Xenopus, hairy2 is expressed
as a striped pattern in anterior presomitic mesoderm prior to somite development (Davis
et al., 2001). During somitogenesis, the hairy2 expression domain advances caudally in a
wavefront motion and at a constant distance from the most recently formed somite. This
dynamic expression of hairy2 suggests that it may play a role in segmentation of somites
in response to intrinsic cues (Davis et al., 2001). Recently, a second group of cyclic
genes linked to the Wnt signalling pathway were discovered. In mouse, a Wnt pathway
inhibitor, Axin2, is expressed in somites in lock step and alternating with hairy2; hairy2
and Axin2 represent opposing of the segmentation clock (Purquie, 2003).
The positional identity of somites along the midline is specified by Hox gene
expression (Reviewed by Buckingham, 2003). Recent studies reveal that fg/8 plays a role
in the coordination of somitic segmentation and spatiotemporal patterns of Hox gene
activation (Dubrulle et a l, 2001). This latter study suggests that the allocation of precise
Hox gene expression boundaries in prospective somites is coupled to the segmentation
clock: increasing the oscillation of the cycling genes such as c-hairy2 in these cells
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results in a posteriorization of their respective Hox code. In Xenopus, xHox-Al is
expressed in axial structures including somitic mesoderm as well as in lateral plate.
Ectopic expression of the gene impairs morphogenesis of somitic mesoderm and in
extreme cases lead to loss of segmentation, suggesting its role in coordinating events
involved in somitogenesis (Harvey and Melton, 1988).
The preliminary microarray analysis identifies several candidates that mediate
somitogenesis as well as eye development. The results reveal that inhibition of xPitx3
alters the expression of genes implicated in the spatiotemporal patterning of somites: it
results in a decrease in Xnr3 and Hox-IA expression (Smith et al, 1995; Harvey et a l,
1986), while it upregulates the expression level of hairy2 (Jen et al., 1997). Xnr3 is a
Nodal-related secreted factor that is both necessary and sufficient for dorsal convergent
extension movement during vertebrate body axis development (Yokota et al., 2003).
Xnr3 regulates dorsal convergent extension by activating Xenopus Brachyury (Xbra)
through the FGF receptor FGFR1 in the organizer at the gastrula stage. Furthermore,
Xnr3 lies upstream of the Writ/Frizzled pathway protein dishevelled, which in turn
regulates the expression of Axin2 (Yokota et al., 2003).
Thus, it appears that xPitx3 may affect the segmentation clock in two ways. First,
it may alter the expression of hairy2, a cyclic gene critical for proper patterning of
somites. Secondly, it may affect dishevelled a downstream o f Xnr3, which in turn
regulates the oscillations of Axin2. This in turn may lead to the problems indicated in
Hoechst-stained embryos where the timing of pre-somitic cell orientation and
realignment prior to segmentation was impaired. Furthermore, xPitx3 may mediate a
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signalling cascade which is involved in the positional identity of somites along the
antero-posterior axis by modulating Hox-IA.
Downstream genes of dishevelled seem to participate in similar events led by
Pitx3. LEF1 is a downstream target of dishevelled which interacts with Mitf, a
transcription factor that is involved in melanin production. M itf exert its effects by
regulating the development of melanin-producing cell lineages including those involved
in the retinal pigment epithelium of the optic cup as well as activating tyrosine
hydroxlase (Saito et a l, 2002; Yasumoto et a l, 2002; Kumaska et a l, 2004; Smith et a l,
1998; Jimenez-Cervantes et a l, 2001). Similarly, Pitx3 overexpression results in
extension of retinal pigmented epithelium and in mouse, it activates the tyrosine
hydroxlyase promoter - a function presumably critical to its role as an effector of
dopaminergic neurons of the substanita niger (Lebel et a l, 2001).
Lastly, microarray analysis suggests that xPitx3 may play a role in somitogenesis
through filamin proteins. The filamins are cytoplasmic proteins that mediate interactions
between cytoskeletal actin networks and transmembrane receptors to modulate cell-cell,
cell-matrix and intracytoplasmic signal transduction (Krakow et a l, 2004). Although
mammalian filamin A andfilamin B are expressed ubiquitously, filamin C is detected
predominantly in muscle (Krakow et a l, 2004). Mutations in filamin genes lead to
various vertebral segmentation and skeletogenesis defects as well as lens opacities
(Krakow et a l, 2004; Steiner et a l, 2000). Possibly, filamin C acts as a downstream
target of xPitx3 in mediating signalling pathway involved in lens induction and
maintenance as well as somitogenesis.
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Tablel. Percentage of laterality defects observed in embryos injected with xPitx3
mRNA, xPitx3-Mo or control morpholino (CMO).

phenotypes

xPitx3
(Two-cell stage)
Left injected
Right injected
(300 pg)
(300 pg)

xPitx3-Mo
(One-cell stage)
15 ng

18 ng

Control
(One-cell stage)
GFP
CMO
18 ng (300 pg)

Reversed Heart

15%

7%

22%

25%

4%

Aberrant Heart

16%

15%

25%

27%

3%

-

Reversed Gut

18%

14%

3%

10%

-

-

20%

17%

68%

43%

4%

4%

12%

6%

12%

12%

2%

-

206

217

186

51

120

80

Abnormal Gut
Situ inversus
Total number

Note: Embryos were injected with xPitx3 mRNA derived from pM46 expression
construct at the two-cell stage. xPitx3-Mo and control morpholino (CMO) were injected
at the one-cell stage. Embryos were assessed for laterality abnormalities at stage 42-47.
Other phenotypes such as eye and head defects are not included in this table. Data for
ectopic expression of xPitx3 at one-cell stage is not included here, but it is discussed in
the results section. Aberrant heart refers to impaired heart development and is
characterized by misalignment of atrium, ventricle or the outflow tract. Abnormal gut
indicates failure or incomplete gut looping. Situ inversus refers to the mirror-image
disarrangement of the abdominal organs such as the stomach, intestines, the liver, and the
gallbladder.
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Percentage of axial defects observed in embryos injected with xPitxS mRNA
xPitx3-Mo or control morpholino (CMO).

Dose of xPitx3 mRNA injected

Dose of xPitx3-Mo injected

CMO
£
00

10 pg

25 pg

50 pg

100 pg

5 ng

7 ng

18 ng

Normal

74%

44%

33%

1%

59%

54%

29%

87%

Truncated
Axis

9%

10%

26%

93%

21%

25%

26%

5%

Bent
Axis

15%

29%

37%

63%

20%

29%

58%

8%

Branched
Axis
Total
Number

5%

16%

20%

50%

-

-

-

-

233

180

290

212

210

205

89

115

H

Phenotypes

Note: Embryos were injected with xPitx3 mRNA derived from pM83 expression
construct or xPitx3-Mo at the one-cell stage. Control embryos were injected with control
morpholino (CMO). Embryos were assessed for axial abnormalities at stage 32. Other
phenotypes such as eye and head defects are not included in this table.
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Fig. 1 Outline of genetic control of laterality. Relative positions and effects in the
genetic hierarchy are indicated with arrows and lines. Xenopus genes are shown in green.
(Adapted from Harvey, 1998; Rodriguez Esteban et al., 1999)
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Fig. 2. Effects of xPitx3 misexpression on laterality. View of intact wildtype and xPitx3
injected tadpoles at one cell stage (A and B, respectively). Overexpression of xPitx3
results in situ inversion of heart and gut looping (B and D). Arrows indicate direction of
gut looping in dissected gut from normal uninjected (C) and xPitx3 overexpressed (D)
Xenopus embryos (ventral view). Dots outline the outflow tract of heart which represents
orientation of the heart. Organ laterality defects are associated with the alteration of the
expression genes involved in noral heart and gut development. Whole-mount in situ
hybridization analysis of xPitx3-EnR microinjected embryos in one blastomere at two
cell stage embryos probed with Shh (E, dorsal view) and BMP7 (F, Ventral view).
Consequent to overexpression of xPitx3-EnR chimera construct, the expression domains
of Shh and BMP7 is down-regulated in the injected side of the embryos. Arrow shows
the absent of BMP7 transcripts in the injected side.
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Fig. 3. Effects of xPitx3 on dorsal axis development. (A) Lateral view of control
uninjected embryo. Overexpression of xPitx3 results in bent axis (B, lateral view) often
associated with truncation of the axis (C, lateral view). Ectopic expression of xPitx3 also
leads to duplication of apparent axis (D, lateral view; E, dorsal view of the same embryo).
Arrows show duplicated axis.
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Fig. 4. Whole mount in situ hybridization of embryos injected with xPitx3 or xPitx3-Mo
and probed with desmin, troponin C, and creatine kinase. A) Dorsal view of a stage 19
embryo. Overexpression of xPitx3 clearly reduces the expression of desmin in the praxial
mesoderm on the injected side. B) Cross section of a stage 25 embryo. Desmin
expression is reduced on the injected side, and somites appear shorter and wider when
compared to the control uninjected side. A’) Dorsal view of embryo at stage 23 injected
with xPitx3-Mo. Desmin expression is decreased in the injected side of the embryo. B’)
Vertical section of the same embryo reveals that the expression of desmin is significantly
downregulated on the injected side. xPitxS misexpression also affect the expression of
troponin C. C) Dorsal view of a stage 26 embiyos (Anterior is up). Ectopic expression
of xPitx3 mRNA suppress troponin C on the injected side and the somites appear less
articulated. C’) Vertical section of the same embryos shows that troponin C is
downregulated and the somites seem shorter and wider compare to the control side. C’)
dorsal view of an embryo at stage 22. xPitx3-Mo also reduces the expression of troponin
C on the injected side. D’) Vertical section of a stage 35 embryo reveal significant
reduction in troponin C expression and somites clearly appear to be smaller in size.
Lateral views of a stage 27 embryo. Overexpression of xPitx3 has no apparent affect on
the expression levels of creatine kinase, however, it leads to shorter somites [compare
xPitx3 injected embryo (E) to the uninjected control side (G)]. F) Vertical section of the
same embryo. xPitxS overexpression clearly affect the size of somites on the injected
side. E’) lateral views of a embryo at stage 26. Overexpression of xPitx3-Mo decrease
the expression levels of creatine kinase on the injected side (E’) and the somites appear
less defined. G’) Lateral view of the uninjected side of the embryo.
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Fig. 5. Somite organization in embryos with altered xPitx3 expression levels. The
anterior side is up in all sections. A) Horizontal sections of a stage 22 embryo injected
with xPitx3 mRNA. Ectopic expression of xPitx3 reduces the expression levels of desmin
and somites appear less articulated. A’) The same section shown in A is stained with
Hoechst and visualized under UV light. Although the somites on the injected side seem
to segment, their nuclei are not properly aligned and fewer somites are formed. B)
Horizontal section of a stage 20 embryo injeceted with xPitx3-Mo. The expression levels
of desmin are significantly reduced upon xPitx3-Mo overexpression. B’) The same
section shown in B is stained with Hoechst and visualized under UV light. Inhibition of
xPitx3 delays somitic segmentation: Fewer somites develop on the injected side. Also
somites appear disorganized when compared to the control side.
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C H A P T E R FIVE
GENERAL DISCUSSION AND FUTURE DIRECTIONS

Summary
The focus of this research project was to clone and elucidate the role of a pairedlike gene, Pitx3, during eye development in the frog, Xenopus laevis. As an ancillary
project, I also studied the effect of this gene in left-right and dorsal axis formation. The
expression pattern of xPitx3 as well as functional studies have elucidated following key
findings that are also discussed in a greater detail in previous chapters:

1. xPitx3 is a Xenopus homolog of mammalian Pitx3 and encodes a conceptual
protein of 292 amino acids.
2. The expression studies have revealed that xPitx3 is detected throughout lens
induction and is expressed in tissues fated to contribute to eye structures as
well as others such as the paraxial mesoderm, looping gut, and somites.
3. Gain- and loss-of-function studies argue for a primary role for xPitx3 in eye
development.
4. Reciprocal grafting studies demonstrate that xPitx3 is required but not
sufficient for lens formation, and consequently, for proper retinal induction.
5. Misexpression studies suggest that xPitx3 acts as a player in mediating
laterality and somitogenesis.
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Hierarchy of xPitx3 in Lens Induction Pathway
In vertebrates, eye development requires complex and reciprocal interactions
between derivatives of the head ectoderm and the forebrain (reviewed in chapter 1).
Sequential signalling events in early development direct proper lens formation from a
sensorial ectoderm that overlies the developing optic vesicle. The molecular mechanisms
governing lens development are conserved among various organisms. In Xenopus, lens
induction is initiated as the head ectoderm gains an autonomous window of competence
to respond to lens-inductive signals emanating from the anterior neural plate as well as
the underlying mesodermal and endodermal tissues (Servetnick and Grainger 1991).
Until now Otx2, Six3, and Pax6 have been thought to be among the earliest
responsive genes activated in the anterior neural plate as well as in the head ectoderm
which gradually acquires a lens forming bias (Fig. 1). In the anterior neural plate,
expression of these genes is shortly followed by activation of Rxl. At the onset of
neurulation, Rxl suppress the expression of Otx2 in the part of anterior neuroectoderm
which corresponds to the presumptive eye field. Subsequently, overlapping expression
domains of Six3, Pax6, and Rxl refine the eye field (Zuber et al, 2003). In the
presumptive lens ectoderm (PLE), Pax6 functions in concert with other transcriptional
factors such as Six3 to specify the pre-lens placode (Fig. 1).
Our results show that xPitx3 is expressed throughout lens induction and is
detected in the presumptive lens ectoderm prior to lens placode formation.
Overexpression of xPitx3 results in ectopic eye-like structures and induces expression of
the early eye genes. In animal cap assays, xPitx3 does not induce Pax6 but Pax6 can
activate xPitx3. Given that xPitx3 can activate Six3 in vitro, this may suggest that xPitx3
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acts downstream from Pax6 and directs expression of other genes including Six3 that are
involved in specification of pre-lens ectoderm (Fig. 1).
Recent studies reveal the importance of the pre-placode ectoderm in neural retina
induction in chicks (Hyer et al., 2003; Hyer et ah, 1998). In these studies, removal of the
pre-lens ectoderm prevents optic cup formation and retina remains as an undifferentiated
vesicle. Consistent with these results, we have shown that xPitxS in pre-lens ectoderm is
critical for both lens and retina induction. Our loss-of-function studies demonstrate that
interference with endogenous xPitx3 prevents lens formation and arrests optic vesicle
conversion to differentiated retina. The results suggest that xPitx3 may induce the
expression of as-yet-unidentified secreted factors that subsequently affect retina
development, either directly or via a relay of signals. Candidates for downstream
effectors may be among the uncharacterized clones isolated from the microarray
experiments and subtractive cloning exercise. Alternatively, xPitx3 may play a role in
specification of presumptive lens ectoderm which in turn is required for proper retinal
induction.
Finally, xPitx3 maybe involved in regulating cell shape, focal adhesions (via
desmin, troponin C and fllamiri), or the extracellular space and matrix between the optic
vesicle and the ectoderm which provides a scaffold for signalling molecules.
Extracellular matrix contributes to adhesivity between the lens cup and the optic vesicle
which is critical for eye development (Wakely, 1977; Hilfer, 1983). As previously
mentioned, Pitx3 mutations are associated with aphakia, a recessive phenotype that is
characterized by an arrest of lens development during lens vesicle formation (reviewed in
Graw, 1999). Strikingly, the extracellular matrix materials (glycosaminoglycan) cross-
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linking the lens primordia and the optic vesicle are abnormal in these mutants (Zwaan
and Webster, 1984).
Our results also suggest that xPitx3 may function downstream of Pax6 and play
several roles during late lens development. During lens specification, Pax6 is required
for the expression of a number of regulatory genes including Six3 in the pre-lens
ectoderm (Goudreau et al., 2002; Ashery-Padan et al., 2000). Additionally, Pax6 and
Six3 positively regulate each other and their expression is essential for lens formation
(Ashery-Padan et al., 2001). At the lens vesicle stage, xPitx3 expression is colocalized
with xLensl in the anterior lens epithelium. In Xenopus, both genes are induced by Pax6
and can activate each other in the animal cap explants. Knowing that xLensl is
implicated in maintaining the lens ectoderm in an undifferentiated state, the expression
pattern of xPitx3 and its interaction with xLensl suggests that xPitx3 may play a role in
proliferation of the anterior lens epithelial cells.
During the late phase of lens induction, signals derived from the invaginating
optic vesicle increase lens forming bias and define the borders of the lens placode.
BMP4 and yet unknown factors are required for the optic vesicle to manifest its lensinducing activity by regulating downstream genes in mice lens ectoderm: Sox2
expression in the pre-placodal ectoderm appears to require an induction from the optic
vesicle mediated by BMP4 signalling (Furuta et al., 1998). In general, Sox proteins act
as enhancer-binding factors and are involved in lens differentiation. Sox2 binds
cooperatively with Pax6 to the 8-crystallin enhancer forming a complex that regulates
crystallin expression in chicks (Kamachi et al., 1999; Kamachi et al., 2001). xPitx3 is
also expressed in differentiating lens fibers. Ectopic expression of xPitx3 induces y3-B1
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crystallin gene in vitro, suggesting that it regulates crystallin expression during lens
differentiation (Fig. 1). Loss-of-fiinction studies also reveal that inhibition of xPitx3
prevents fi-Bl crystallin expression in Xenopus embryos. These results are consistent
with the expression of crystallins in aphakia mice: both /?- and y-crystallins are absent
and only a low level of a-crystallin is detected in mutant lens (Semina et al., 1997).
xPitx3 may play a role in lens fiber cytoskeleton remodeling and integrity. In
aphakia mice, abnormal lens morphogenesis is evident by a club-shaped elongated lens
rudiment (reviewed in Graw, 1999). We have identified desmin as a potential
downstream target for xPitx3 through subtractive cloning. Desmin is an intermediate
filament protein and its abnormal aggregation in lens results in cataracts. Desmin-related
myopathy with cataracts is one of several diseases characterized by the coaggregation of
intermediate filaments with xB-crystallin. Mutations in aB-crystallin result in structural
changes which alter its interaction with intermediate filaments such as desmin (Pemg et
al., 1999). Overexpression of desmin in transgenic mice also affects lens fiber cell
denucleation, cell shape and the dynamics of cell membrane and cell junction turnover
(Dunia et al., 1990). xPitx3 may regulate the correct assembly and proper interaction
between intermediate filament proteins which are important in lens fiber terminal
differentiation.
xPitx3 Displays Pleiotropic Effects in Development
As it was discussed in chapter 4, misexpression of xPitx3 disrupts proper anteriorposterior and left-right body patterning. Overexpression of xPitx3 results in cyclopia
which is also indicative of anterior midline defects. Together, the results suggest that
xPitx3 may affect patterning through modulation of a common signalling pathway. Loss-
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of-function studies reveal that xPitxS is required for Shh expression along the axial
mesoderm and the prechordal plate. Although overexpression of xPitx3 does not have
any apparent effect on Shh expression, both genes can induce ectopic cement gland
formation in vivo and are able to induce cement gland-specific markers such as x()tx2 and
XCG in animal cap explants (Ekker et al., 1995, chapter 3). Given that xPitx3 is not
expressed in the cement gland, sequence similarity between xPitx3 and other family
members such as xPitx2 may result in ectopic cement gland development.
Overexpression studies reveal that xPitx3 does not directly involve the Xenopus
Nodal (Xnrl) signalling pathway. Knowing that Shh acts through a cascade of signals to
induce Nodal expression (Pagan-Westphal and Tabin, 1998), we speculate that the early
expression of xPitx3 may be necessary for signalling pathways that regulate Shh
activities. Alternatively, xPitx3 may function as one of the factors required for
specification of midline structures which in turn either supports or restricts Shh
expression. The early expression pattern of xPitx3 in the paraxial mesoderm and its
potential effector genes isolated through microarray experiments suggests that xPitx3
may help to regulate mesoderm and play a role in the timing and positional identity of
somites. Although the results support a role for xPitx3 in establishment of the left-right
asymmetry and somitogenesis, nevertheless the exact mechanism underlying these events
remains to be determined.
Future Directions
Although this study defines the role of xPitx3 in the early inductive events in lens
and reveals its hierarchical role relative to other known “eye genes”, further studies are
required to determine the exact cascade of genetic interactions underlying its function. In
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mice, the Pitx3 promoter contains several motifs similar to proposed binding sites for the
AP-2, Maf, andforkhead-7/FOXLl, genes involved in the craniofacial and lens
development (Pierrou et al., 1994; Morriss-Kay, 1996; West-Mays et al., 1999; Ring et
al., 2000). Genomic sequence analysis of the xPitx3 promoter region may reveal
consensus biding sites for potential upstream transcriptional regulators of this gene.
Moreover, the effects of candidate genes on xPitx3 expression can be verified by real
time PCR, in situ hybridization and promoter assays including electrophoretic mobility
shift and in vivo reporter gene-based promoter assays. Recent studies in mice indicate
that Pax6 and Six3 expression is mutually activated during lens development. Our
studies demonstrate that ectopic expression of Pax6 can induce xPitx3 expression in
animal cap assays. Further experiments are required to determine if xPitx3 activation is
also regulated by Six3 overexpression in vivo and in animal cap explants.
Microarray and subtractive cloning experiments have identified a number of
characterized and novel genes as potential downstream effectors in embryos where xPitx3
expression has been perturbed. Whole-mount in situ hybridization, RT-PCR, and animal
cap explant assays are required to confirm the specificity of xPitx3 induction on the
expression of these candidate genes. Generally, the strategy is to inject in vitrotranscribed xPitx3 capped mRNA at the one-cell stage embryo, and then later to harvest
either the whole or specific explants for analysis.
One of the obscurities introduced by ectopic expression of xPitx3 is that the
injected RNA is not temporally or spatially restricted which leads to complex
morphologies that are often difficult to interpret. Ectopic expression of xPitx3 in
transgenic frogs is a valuable approach for a temporal analysis of xPitx3 function by
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means of a stage-specific induction. I have already made constructs that drive wild-type
xPitx3 or xPitx3-EnR expression under a heat-shock (HSP-70) promoter. By heatshocking transgenic embryos at various stages of lens induction, it will be possible to
identify the stages at which xPitx3 gene expression is required and thus distinguish
between the early and late effects of xPitx3 during eye development. These heat-shock
vectors also contain a GFP marker (controlled under separate HSP-70 promoter), which
will be used as a screening method to identify transgenic embryos.
xPitx3 may function by cooperating with other transcriptional factors. Proteinprotein interaction assays such as GST pull-downs, yeast two hybrid screens and
immunoprecipitation techniques can be employed to identify potential interacting
partner(s) for xPitx3. I have constructed GST- and HA-tagged xPitx3 constructs that can
be used to isolate potential protein partners through simple coprecipitation methods over
appropriate columns. Upon isolation, the collected protein samples can be fractionated
by SDS-PAGE and electrophoretically transferred to a membrane and stained. The
separated band will be excised and then analyzed by mass spectroscopy. These
biochemical studies are powerful tools to screen for xPitx3 protein binding partners, and
provide a foothold not only to isolate new genes involved in the xPitx3 pathway, but also
to give valuable new insights into normal vertebrate lens biology.
The role of xPitx3 in establishing body asymmetry is poorly understood. Unlike
Pitx2,Xnrl, or Xatv which exert a situs reversing effect in a side-specific manner, xPitx3
is a potent situs randomizing agent whether it is injected on the right of the left side of the
developing embryo. Our results suggest that xPitx3 may play a role in differentiating
peripheral from midline spatial coordinates: ectopic xPitx3 impairs midline barriers
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which normally separate left and right side signalling agents. Whole-mount in situ
hybridization using midline-specific markers including Collagen II may be required to
assess the effect of xPitx3 misexpression on the midline structures.
Furthermore, the role of xPitx3 in directing somitogenesis remains to be
determined. Our preliminary results suggest that the gene may be involved in
specification of paraxial mesoderm through mediating the expression of Hox-IA, Xnr3,
and hairy2, genes implicated in timing and positional identity of development somites.
These results can be confirmed through ectopic expression studies using xPitx3 and
subsequent RT-PCR and whole-mount in situ hybridization of these segmentation genes.
The spatiotemporal expression of uncharacterized genes identified by the microarray
analysis as well as misexpression studies may also clarify the role of xPitx3 in retina
induction as well as its precise role in directing left-right asymmetry and somitogenesis.
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Fig. 1. The genetic pathways directing lens induction in vertebrates. xPitx3 acts
downstream from Pax6 pathway during specification of pre-lens ectoderm, which is
required for induction of retina and lens placode. xPitx3 also plays a role dining lens
differentiation. Relative positions and effects in the genetic hierarchy are shown by
arrows. Some of these effects may be conducted through unidentified intermediated
steps. Where relationships are not known, presumptions are indicated with a question
mark.
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